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ARTICLES

HIGH-TEMPERATURE POWER-TECHNOLOGICAL
REACTOR WITH SOLID COOLANT AND RADIATIVE
HEAT EXCHANGE ' ’

A. M. Alekseev, Yu. M. Bulkin, UDC 621.039.5/6+621.039.524,2
S. I. Vasil'ev, E, S. Gerasimoyv,

N. A, Dollezhal', I. Ya. Emel'yanov,

N. D. Zaichko, Yu. I. Koryakin,

E. K. Nazarov, A. V. Petrushin,

S. V. Radchenko, V. P. Smirnov,

V. A. Chernyaev, and I. L, Chikhladze

A bigh~temperature power-technological reactor for carrying out processes based on endothermic chem-~
ical reactions usually is associated with a reactor in which helium under pressure is used as the coolant, The
temperature necessary for the efficient conduct of the majority of high~temperature power~technological pro-
cesses amounts t0 850~900°C. The direct transfer of heat from the coolant of the core directly into the technolog-
ical process is excluded on the grounds of radiation safety: The populationuses the product obtained as the
result of power-technological processes. Therefore, in such a process the radiation-uncontaminated heat can
be supplied only through some or other system of heat-exchange facilities. This means that the coolant temper-
ature (in this case helium) at the core outlet must be somewhat higher and must attain ~950~1000°C, The prob-
lem of obtaining and, mainly, of transferring into the process coolant at this temperature through a system of
heat-exchange facilities also in the main determines the whole complexity of the construction of a commercial
power~technological reactor.

The possibility of overcoming such a high-temperature barrier undoubtedly is increased by finding alter-
native concepts for reactors of this designation. We note, that at one time the economic competitiveness of
electric power reactors was mainly promoted by alternative reactor concepts, extending the feasibility of uti-
lizing coolant with a temperature of ~300°C, at which the majority of light-water reactors operate for the pro-~
duction of electric power. '

Inthis paper, a graphite reactor is described in which the principle of heat transfer by radiative heat-ex~
change from a solid coolant is used (GROTT). It is proposed to utilize in the nuclear-chemical assembly of the
production plant, ammonia as the principal source of high~temperature heat for the steam catalytic conversion

‘of methane.

Construction of the Reactor Facility [1]. The reactor vessel is made of sheet carbon steel in the form of
a leaktight ring~shaped box of rectangular cross section, The cover and the base are flat, The vessel is filled
with an inert gas (helium) at a pressure close to atmospheric. In one of the sector spaces of the vessel, occu~'
Pying approximately 1/10th of the volume of the annular graphite brickwork, the core is located. In the remain-
ing space, the plant of the technological zone is located (Fig. 1).

The core moderator is made of graphite blocks, collected in rows of curved stacks (Fig. 2), which are
installed concentrically one to the other with a specified pitch over the radius. Above, below, outside, and in-~
side face, the core is surrounded by the reflector, also assembled from graphite blocks. In the longitudinal di-
rection of the core, the curved stacks of the fixed moderator become the brickwork of the so~called neutron
cutoff, consisting of graphite blocks with a high-temperature absorbing material. Between the rows of the mod-
erator brickwork, also concentrically with the gaps relative to it, are installed the ring-shaped masonry of the
solid coolant, assembled from graphite blocks with a high-temperature nuclear fuel in the form of microparti-
cles with a multilayered graphite cladding. The masonry of the solid coolant is installed on individual support-
ing annular rotating platforms, made of separate steel curved sections and joined together in a ring with special
tie rods. The design of the tie rods ensures, on the one hand, joining of these sections into a single annular
rotating platform without free play and, on the other hand, preservation of the originally fixed diameter of the

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 5-10, January, 1984. Original article submitted
April 27, 1983,
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Fig. 1. Reactor facility with solid coolant: 1) reactor vessel; 2) solid coolant brickwork; 3)
core reflector; 4) core moderator brickwork; 5) brickwork of the neutron cutoff zone; 6) thermal
shield; 7) thermal insulation; 8) radiation shield; 9) unloading —loading manhole; 10) control and -
safety rod slave mechanism; 11) evaporative channel; 12) evaporative zone group collector; 13)
drum-separator; 14) steam ~gas channel; 15) group collector of the steam —gas mixture; 16}
steam—gas mixer; 17) distributing collector; 18) conversion channel; 19) conversion zone group
collector; 20) composite collector; 21) bearing~rotatable platform; 22) solid coolant actuator;

23) supporting roller; 24) centering roller,

Fig. 2. Diagram of an annular element of the reactor facility: 1) ring~shaped masonry of the
mobile solid coolant; 2) masonry of the fixed graphite~-moderator of the core; 3) control and
safety rods; 4) masonry of the neutron cutoff zone; 5) technological zone (heat~exchanger).

platform (and, consequently, of the coolant brickwork) over the whole range of their working temperature. Each
annular platform is supported on rollers and driving wheels installed on the bottom of the Ve_ssel.' The driving
wheels are connected through a leaktight magnetic coupling with individual electric drives. The magnetic cou~
plings are located in cuttings through the bottom of the vessel, and the electric drives are disposed in the sub-
reactor compartment, The technological channels are located in the technological zone in the gaps between the
rows of the solid coolant masonry. They are also arra.nged in concentric rows and are grouped according to
purpose.

In accordance with the possible variations of the layout of the reactor facility, the channels for the steam
catalytic conversion of natural gas (methane), evaporative and superheat channels, channels for heating up the
steam —gas mixture, etc. can be located in the technological zone of the reactor. All the channels are structur-
ally designed according to the Field scheme, and the heads of the channels are sealed to the upper flanges of the
cuttings through the cover of the vessel. Each group of channels, serving some or other purpose, is joined
through headers with the inlet and outlet main lines from the corresponding technological plant of the facility.

The reactor vessel is shielded from inside from the high temperature with a thernial insulator. The cover
of the reactor vessel is filled with a material which shields the compartments located above it from the radia-
tive emission. The cover is cooled with water by coils laid in it.

The rods of the reactor control and safety system are arranged in vertical openings of the moderator
brickwork, and the rod actuators are brought out at the cap of the radiator,

The principal characteristics of the reactor for a chemical combine with a production of ~1 million tons
of ammonia per annum are as follows:

Thermal power, MW ’ ~500
Nuclear fuel charge per run with nuclear fuel enriched to 10%in 2%y, tons : ~25
Running time of facility before recharging fuel and replacement of conversion tubes, years ~10
Solid coolant in the form of ring~-shaped bricks: .
number of ring~shaped bricks 12
diameter of central ring, m 24
2
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height of active part of ring, m : 4
peripheral velocity of ring, m/ sec _ 0.5
maximum temperature, °C ' ‘ : ' : ~ 1350
average change of temperature during one revolution (cycle) of the ring, °C 100
number of cycles per running time : ‘ 2-10¢
Reactor vessel: o
height, m : ‘ _' . 9.5
outside diameter, m : 32
inside diameter, m ' 16
pressure of gas medium inside vessel, MPa 0.095

Reactor Operation [2]. Continuous rotational motion of the supporting annular rotating platforms, with

the masonry of graphite blocks installed on them, is effected with electric drives due to the friction coupling of

the driving wheels with the bearing surfaces of the platforms. As a result of this, every part of the ring of a
graphite brick fulfilling the role of coolant passes through the core, the neutron cutoff zone, and the technolog-
ical zone. In the core, the nuclear fuel contained in the graphite blocks enters into a chain fission reaction, is
heatedup, and heats up the graphite. During transit through the core, the graphite is heated up by approximately
100°C on the average, and reaches the maximum temperature, for example 1350°C, sufficient for the efficient
transfer of heat by radiative heat emission.

The moving fuel version, in contrast from the fixed fuel version (also possible in GROTT) is accepted
because it provides a lower temperature to which the fuel must be heated up during operation of the reactor,
and also because of the tendency to reduce its re charging to a minimum, The period between rechargings in

‘this case coincides with the service lifetime of the conversion technological tubes of ~90-100.10° h, i.e., approxi-

imately 10—11 years, The disposal of the fuel over the whole annular circuit of movement of the solid coolant
ensures the necessary running time of the reactor.

In the neutron cutoff zone, the chain reaction in the nuclear fuel and the subsequent heating up of the graph~
ite during rotation of the annular rotating platforms cease. In the technological zone, the heated graphite trans-
fers the heat accumulated in it by means of radiative emissionto the walls of the technological channels, along

which the working medium is moving, and the graphite itself is cooled (Fig. 3).

Y e

Fig. 3 - Fig. 4
Fig. 3. Diagram of the movement of the working medium through the technolog-
ical zones of the reactor facility: 1) evaporative channel; 2) drum-separator;
3) feed water; 4) saturated steam (in the steam superheater); 5) steam—water
mixture; 6) steam—gas channel; 7) superheated steam (from the steam super~
beater); 8) steam—gas mixer; 9) natural gas after sulfur purification; 10) dis-
tributive collector; 11) composite collector; 12) conversion product offtake; 13)
grouped collector; 14) conversion channel; 15) solid coolant brickwork,

Fig. 4, Distribution‘ of the optimum velocities of motion of the ring of solid
- coolant with Ty, 4. =1450°C and with a conversion tube temperature T =850°C.
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The feed water, at a temperature of 300°C and a pressure of 10,65 MPa, 18 fed Into the evaporative chan-
nels; there it 1s partially evaporated and then directed into the drum-~separator, where the saturated steam is
separated from the water, The returned water is mixed with the feed water and again enters the evaporative
channels, the saturated steam is directed into the steam superheater of the technological part of the facility,
where 1t 18 superheated up to 482°C, and then it 1s mixed with methane. The steam —~gas mixture at 4 MPa and
370°C is directed from the mixer into the channels of the steam —gas mixture preheater, whence it enters the
distributing collectors of the conversion zone. The temperature of the steam~gas mixture reaches 525°C,
From the distributive collectors the heated steam—gas mixture is directed into the steam conversion channels ‘
in which a catalyst is located. The products of the catalytic conversion of natural gas at 835°C enter the com~ ‘
posite collector and then go on to the second conversion stage., The wall temperature of the conversion channels, |
made from centrifugal cast tubes (an alloy of the type 45Kh25N2082), which are used in the tubular furnaces of
ammonia production, does not exceed the permissible limits of 950°C,

In the structural layout of the reactor facility being considered, the graphite structures, technological
channels, and the thermal insulation of the reactor vessel are located in the high~temperature zone (~ 1000°C).
The actuator mechanisms and equipment, and also the supporting ring-shaped rotating platforms of the solid
coolant masonry, are taken out into the low-temperature zone (150~200°C), i.e., they are located close to the
bottom of the reactor vessel cooled by water. The electrical part of the actuators are brought out from the re-
actor vessel into the servicing compartment. This considerably facilitates the working and servicing conditions
of the running part of the reactor.

The satisfactory specific heat, excellent thermal conductivity, and high degree of blackness with the nec-
essary fire resistance makes efficient the use of graphite as a coolant in the conditions of heat transfer by radi~
ative heat exchange at 1000°C achieved in GROTT.

The use of graphite as the coolant in a high~-temperature power-~technological reactor has many advantages,
the principal ones of which are the following: '

1. The inert gas medium filling the reactor vessel can have any arbitrarily low pressﬁre, right down to
vacuum, which:

allows the use for the reactor facility of a low-pressure steel vessel, the construction of whi_ch has been
assimilated into Soviet reactor construction (for example, the vessel of the RBMK type of channel reac-
tor);

significantly reduces leakage of the gaseous inert medium and radioactive fission products from the reac-
tor vessel; :

considerably facilitates the assurance of radiation safety in the case of accidental depressurization of the
reactor vessel;

makes it possible to have a pressure gradient between the working medium of the technological circuit
and the gas medium filling the inside volume of the reactor vessel, directed from the reactor, and this
excludes the entry of radioactive fission products into the technological circuits.

2. The proposed methods of moving the solid coolant ensure its return to the reactor core for repeated
heating up at high temperature, which eliminates nonproductive heat losses, due to the necessity for reducing !
the coolant temperature (when using convective heat exchange), and rids of the solution of the complex problem
of designing a system of heat-exchanger equipments and gas blowers for carrying away the heat from the core
and transferring it at a permissible temperature to the technological process.

3. Engineering solutions, verified in the production of ammonia in the chemical industry, can be used.

Neutron-Physics Characteristics of GROTT, We shall mention the most significant of them [2, 3, 4]. One
of the most valuable qualities of the high-temperature route on the whole is the possibility of extending the nu-~
clear power fuel base by the use of the 22¥Th=?%U cycle. As is well known, the formation of the intermediate
product 2%3Pa with a long half-life T, (2 =27 days and a thermal neutron absorption cross section 0,=43 b is ex~
tremely important, The buildup of 233Pa is proportional to the power level, and the capture by it of a neutron
leads to a double loss: *¥Pa is lost — the potential nucleus of 2*U after decay with intensity ApgNpg,, and also
a neutron which, with a finite probability, could form a 2%3U nucleus. The necessity for reducing capture leads
to a limitation of the specific power of HTGR and, consequently, to a large core size. This creates difficulties
when designing reactor systems of this type with a high unit capacity.
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In GROTT, the concentration of radioactive products, including 2¥pa, because of the fuel circulation is
reduced with respect to the length of the movement channels: overall and through the core, i.e., by approxi-
mately a factor of 10. This circumstance can be utilized in two ways: either to increase the specific power,
or the breeding factor for the same specific power.

Similarly, 2%Pa is reduced (in the same ratio, i.e., approximately by a factor of 10) and the concentration
of precursors ¥Xe and 14%Sm~—13] and 14°Pm, respectively. In the case of **Xe, this leads to a reduction of its
concentration by a factor of ~2.5, a reduction of the neutron poison capture in 15%e and, consequently, to an
additional increase of the breeding factor, a reduction of the steady-state poisoning from ~5 to 3%, which causes
an increase of the running time by ~ 10% and facilitates control of the reactor,

In the case of movement of the solid coolant with the fuel along the core, its burnup takes place on the
average along the line of movement in the neutron flux. This effect, which can be called self-recharging, leads
to an increase of the running time by ~15% by comparison with the case of the nonmoving fuel.

. There are no rigid thermophysical limitations on the thickness of the graphite zone (with and without the
fuel) in the solid coolant in GROTT. This gives the possibility of achieving large-scale heterogeneity, which is
optimum with respect to neutron physics and which contributes to the achievement of an economically feasible
aim - the use of a low-enrichment fuel.

The fuel is disposed over the whole coolant movement circuit, which means that the synchronous charging
and running time of the reactor is increased. This might be supposed to be a drawback of the GROTT; however,
if one bears in mind the prospect of increasing the unit capacity, and also the specific energy intensity of the
core, then this characteristic makes it possible to choose the optimum duration of the running time. In contrast
from this case, frequent fuel charging of the reactor with nonmoving fuel would cause considerable deviations
of the parameters from the optimum values,

Among the less important, but characteristic features of GROTT, the following are included:

In the outer technological part there is a powerful y-emission from fission products, which can be used
for carrying out radiation~-chemical processes. In particular, in the conversion of natural gas using the GROTT
with a capacity of 500 MW, the reacting mixture in the conversion tubes with a diameter of 90 x 130 mm absorbs
the energy of the y-field equal to 1.5-10!% eV,

A considerable fraction of the delayed neutrons are carried away into the outer part. With a core size
along the line of movement of ~5—8 m and a velocity of movement of the ring of ~0.5 m/sec, the neutron re-
moval amounts to ~30—40%. This, taking account of the strong negative temperature coefficient of reactivity
inherent in GROTT, does not create difficulties in the reactor control. In addition, in the outer part there is a
certain undesirable submultiplication of neutrons. These effects, as calculations show, are insignificant.

Optimization calculations are interesting, for example, to find the distribution of the linear velocity of mo-
tion of the ring, which will ensure an identical maximum temperature at the outlet from the core (Fig. 4).

The calcul ations showed that the power distribution, the power itself, and its nonuniformity do not vary in
the case of the optimization method considered, although the velocity of motion of the rings can vary consider-
ably, for example by a factor of 5 or more. Physically, this is explained simply: The peripheral rings for
"pulling® the temperature at the core outlet up to Tmax (they are moving in lower neutron fluxes) must be mov-
ing more slowly. Therefore, they carry away less heat, i.e., ATv is found to be constant. This factor can be
used conveniently for generating a uniform temperature field in the heat exchange zone when carrying out tech~
nological processes,

Figure 5 shows the power distribution W along the rings at 1-m height of the solid coolant with different
nonuniformity Wy, for a reactor power Wy, and a thickness of the fuel layer H=1 ¢m and H =3 cm, with a veloc-
ity of motion of the ring of 0.5 m/sec.

Thermotechnical Characteristics of GROTT. At the basis of the thermotechnical processes taking place
in the reactor, there lie well~studied processes of thermal conductivity, heat transfer by thermal radiation, and
convective heat exchange in the technological channels. The necessity for the joint consideration of these pro-
cesses, the intrinsic heterogeneity of the heat-transfer system, the multiple linking of the heat-transfer scheme,
and the limited possibilities of the computer do not allow the well -known mathematical methods to be used for
solving this problem without any simplifications of the model of the heat-transfer system. Therefore, a combi~
nation of procedures was developed for the thermotechnical calculation of GROTT. In particular, the method of
calcul ation of the multiring system is based on the partial homogenization of the structure of the moving graphite
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Fig, 5. Power distribution of the rings of solid (read-
ings of rings from central): 1) H=1 cm; T, =850°C,

Wi =0,767, Wy =430 MW; 2) 1 cm, 550°C, 0,772, 590 MW,
respectively; 3) 3 cm, 850°C, 0.770, 690 MW, respectively;
4) 3 cm, 550°C, 0,774, 820 MW, respectively.

Fig. 6. Effect of velocity of rotation of the middle ring
on the maximum fuel temperature.

ring with the fuel elements. The homogenization principle was also used when considering the radiative heat
exchange between the graphite ring and the series of technological channels (introduction of the average heat
fluxes, coefficient of light irradiance, temperature of the surface of the technological channels, etc.).

The major part of the accumulated heat within the confines of the core after one revolution of the rings is
in the fuel (70~80%). Therefore, the use of the principle of moving sources of heat release, distributed uni~
formly over the volume and moving, improves the heat transfer to the solid coolant,

The size of the core is determined from neutron-physwal calculations. The low specific power, generated
by the low heat-transfer coefficient by radiation (50~300 W/m ) leads to a considerable size for the heat ex~
changer and the facility as a whole: The diameterof the middle ring amounts to 25 m.

It follows from Fig. 6 that with increase of Vos Preheating of the coolant is decreased, which leads to a
reduction of Tp,,.¢. The same relationship is observed also for the thickness of the graphite ring 6. However,
for 6 > 100-150 mm, the value of Ty 54¢ remains constant, This is explained by the fact that with a large thick-
ness the middle of the graphite ring participates in the transfer of heat. Variations of v and 6 only insignifi~
cantly affect the length of the heat-exchanger,

Although according to thermotechnical considerations it is desirable to increase the velocity of movement,
and also the height of the ring, their final choice is dictated by the neutron-physics cha.racteristics of the core
and the mechamcal stability of the rotating graphite brickwork.

The following thermotechnical characteristics of the facility and its technological part were obtained by
the method of calculation of the multiring system for the starting data:

Length of core together with the neutron cutoff bricks, m 11
Thickness of graphite ring, m _ ' o 0.25
Angular frequency of rotation of graphite rings, r/min - . 0.36
Intensity of internal heat release sources, referred to the fuel volume, W/m?3 ‘ 1.29 107
Coefficient of nonuniformity of heat release: :

along the core radius 1.16

over the height of the core 1.12
Maximum permissible wall temperature of the technological channel, °C 950

The temperature and the thermal fluxes in Table 1 are given for the middle ring in cross section over the
height, where the fuel temperature reaches the maximum value,

The calculations of the temperature fields in the moving brickwork, based on the homogenized model, were
refined by taking into account the heterogeneous disposition of the fuel., The maximum temperature of the fuel
elements and graphite amounted to 1365 and 1315°C, respectively, and the maximum nonuniformity of the fuel

" element and graphite temperature was 85 and 124°C. A comparison of the calculations by the procedures with
a heterogeneous disposition of the fuel and with a homogenized fuel layer showed that consideration of the het~
erogeneous disposition leads to an increase of the maximum fuel temperature by 40°C.
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TABLE 1, Thermotechnical Cha_racteristiés
of the Zones of the Technological Part of the

Facility _
’ Reactor zone
pre- .
Parameter evap- [heater | conver-
ora- gas sion
tive ‘mixt,)
* Power of zone, MW 248 37,4 | 196,6
Av, t}lermal flux, . 150 65 53
kW /m? . .
Length of zone, m 25 5 37
Pressure of medium, MPa 11 f 4 4
Temp, of substance at inlet| 300 (314) | 370 (525) | 525 (830)
(outlet) to zone
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Fig. 7. Change of maximum temperature of
fuel (1) and graphite 2) in a small (a) and
large (b) time after shutdown of the reactor.

The nonuniformity of the heat~transfer coefficient by radiation around the perimeter of the technological
channel can cause nonuniformity of the temperature in it. The radiative heat exchange in the system of bodies.
(graphite ring — row of technological channels) was calcul ated by dividing the system of bodies into sections.

For each section the equation of the radiative heat exchange with the adjacent sections was written. Thus, the _
problem was reduced to the solution of a system of linear equations relative to the temperature of the sections,

The maximum temperature nonuniformity over the perimeter of the conversion tubes, located in the worst
temperature conditions, on the outside surface amounts to 24°C and on the inside surface —14°C. The reactor
with a solid coolant has a large thermal inertia. This facilitates obtaining the necessary rate of heating up and
cooling of the reactor units both in the case of planned startups and shutdowns, transition from one power level
to another, and also in emergency situations.

Using the method of calculating the nonsteady thermal conductivity in a region with arbitrary geometry,
a calculation was performed of the heating~up of the graphite brickwork for the case when the heat is not re~
moved from the masonry. This situation can arise in the case, for example, of an accidential stoppage of the
rotation of the annular brickwork of graphite blocks. The temperature field in this brickwork at the instant of
its passing the edge of the core is assumed as the initial distribution. It was supposed that the graphite rings
are stopped instantaneously. Figure 7 shows the behavior in time of the maximum temperature of the fuel and
graphite. At first, the fuel temperature falls because of the outflow of heat into the graphite. Over 15 min, it is
equalized in the graphite masonry, and then it starts to increase, over 5 h it reaches the initial maximum Value,
and over 10-12 h it reaches the maximum permissible of 1400°C, Hence, it follows that there is a large time
reserve (10—-12 h) for carrying out the various measures to eliminate the consequences of an emergency shut-
down of the rings.

The slow rate of heating up of the graphite masonry due to residual heat releése can be used for organiz-
ing the reactor cooling process by means of a small number of revolutions of the graphite rings ¢he time be-
tween the first and second revolutions of the graphite rings amounts to 13 days).
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The computational thermophysical investigations carried out, experiments and test~rig tests of one of the
possible variants of the GROTT concept, confirmed the technical feasibility and the efficiency of high-tempera~
ture heat transfer from the nuclear fuel to the technological users.
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SYNTHESIS OF A SYSTEM FOR STABILIZING REACTOR
POWER AND ENERGY DISTRIBUTION ON THE BASIS
OF LATERAL IONIZATION CHAMBERS

1. Ya. Emel'yanov, L. N. Podlazov, UDC 621.039.515
A. N. Aleksakov, E. V. Nikolaev,
V. M. Panin, and V. D. Rogova

A current task with the power reactors in nuclear power stations is to upgrade the stability and working
parameters by upgrading the automatic controls [1]. One way of improving reactor stability is to use branched
automatic stabilization systems for the power distribution. The current approach of designing such systems
involves introducing a certain number of local automatic controls (LAC) working with signals from transducers
within the reactor and uniformly distributed over the core [1, 2]. However, it has been shown [3-5] that it is
possible to improve the stabilizing performance of an automatic control by optimizing the spatial structure of

the control system by using the a.syminetry of the neutron-balance operator {6, 7]. It has been suggested [4] that

the asymmetry principle should be combined with zone control in constructing a power-distribution stabilization
system. This suggestion was extended in (5], where it was shown that the optimum location for the rods and
transducers as regards stabilizing performance is characterized by placing the rods closer to the center of the
reactor and the transducers at the periphery. As a result, it became clear that a high-performance stabiliza~
tion system can be based not only on transducers within the reactor but also on lateral ionization chambers
(LIC). Such a structure is technically attractive because of the higher reliability and wide dynamic range of
LIC by comparison with transducers within the reactor,

Here we consider the engineering synthesis of a zone-asymmetric stabilization system for the radial and
azimuthal power distributions that also provides overall power regulation by means of LIC. A difference from
[5] is that a criterion is used for minimum spatial dispersion in the neutron~flux deviations in tracking reactiv-
ity perturbations:

D)= § @2 (r, 1) dr,

where @(r, t) is the dimensionless neutron~flux deviation from the stationary value.

The control system is synthesized by the method of [8], according to which the synthesis is divided into
two stages, In the first stage, one analyzes the system viability at constant (nominal) power under conditions of
instability in the power distribution and with technological perturbations. The second stage includes exammmg
the operation in emergency situations requiring rapid controlled power reductlon.

Transl ated from Atomnaya Energiya, Vol. 56, No. 1, pp. 11-15, January, 1984, Ongmal article subm1tted

February 16, 1983; revision submitted May 11, 1983.
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TABLE 1. Optimum Values of the Rod-Location

*. Radius and Angle of Rotation Relative to the
Chambers for Three, Four, and Five Regula-
tors: the Values of R Are Given as Fractions-
of the Extrapolated Core Radius

n . R ¥

3 0,38 220
4 037 17°
5 . 0,38 11°

R

Fig. 1. Dependence of the
dispersion of the location
radius of the rods in the
LAC—LIC system with
various angles of displace-
ment of a rod relative to a-
transducer for three regu~
lators: 1) y =0°% 2) v =15°%
:3) ¥ =22%. 4)y =30°.

In the first stage, the control ,systein is syhthési_zed on the basis of a linear two-dimensional model for the
spatial neutron kinetics [8]. The neutron flux is described by a linearized diffusion equation with allowance for
one group of delayed neutrons and two power feedbacks (fast and slow) in the form of first~order links. The

- rapid power feedback incorporates effects from the fuel temperature and steam content, while the slow one is

related to the graphite temperature and xenon poisoning. The control is provided by rods at discrete points
following a relay law. Galerkin's method [9] is used. The calculations incorporated 17 harmonics of the form
i . . .e V ’
iy (r, 0)=J, (’a—’) { o086 ?

where J;(z) is a Bessel function of the first kind and aj are the solutlons to the equatlon JJ(z) = 0, The number
of harmonics was chosen on the basis of attaining an adequate accuracy.

A serious problem arises over choosing the form of the perturbation, since this substantially influences
the results. Real perturbations vary in spatial form and occur with different rates. To select a representative
set of perturbations, one needs information on the perturbations characteristic of a given reactor, whose fea-
tures are related to ones in the technological scheme and the detailed speclflca.tlons for power control for a
reactor working in a power system. The most reliable source of such data comes from experience in reactor
operation, At present, statistical data are lacking on the actual frequencies and intensities for perturbations of
various spatial forms in existing reactors; and it.is even more difficult to obtain such information for reactors
under design. To overcome this uncertainty and to synthesize a system having sufficient practical performance,
we use an approach based on a time-stepped perturbation uniformly distributed over the amphtudes of all the
harmonics incorporated mto the solution: . :

Blp= 3} by 01 (8):
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C

‘Fig, 2. Spatial form of the inherent motlon for the power distribution in a reactor f1tted with
an LAC—LIC system: a-c) three, four, and five regulators correspondingly; O) rod in LAC~
LIC system; A) transducer in LAC~LIC system; ——+1—— ) line of equal deviation in the

energy distribution from the 1n1tial state in %. :

The optimum control-rod disposition is found from the condition for minimum D at the instant when the
relay zone~-asymmetric regulator system has tracked the initial perturbation and is going over to a sliding mode
of operation, Figure 1 shows the dependence of D on the rod location radius R for various angles of displace-
ment of the rod relative to the transducer y for three rod-transducerpairs (the curves for larger number of
regulators are similar to these). There is a pronounced minimum of each curve in Fig. 1. Table 1 gives the
optimum values of R and vy for three, four, and five regulators, As the number of regulators increases, the
angle of displ acement of a rod relative to a transducer decreases, as does the significance for optimizing the
response to-a perturbation. There is a minimum in D as R varies because the system does not bring the mean
power back to the initial value on taking up the unbalance in the regulator channels in the insensitive zone on
tracking the perturbation when the rods are displaced closer to the transducers, i.e., to the edge of the core.
Conversely, displacing the rods towards the center of the core causes mean-power overshoot,

Different results are obtained as regards the angle v between the rod and transducer on synthesizing the
system from the criterion for minimum in the maximal real part of the root of the characteristic equation for
the dynamics of the radial and azimuthal energy distribution [5] and from the criterion for minimum spatial
dispersion. One gets a smaller angle if one incorporates into the synthesis not only the stability but also the
transient response.

10
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These results have been obtained from a linear reactor model. It is necessary to use a nonlinear two-
dimensional digital model in a detailed examination of the viability of the LAC~LIC system under conditions of
emergency controlled power reduction. The reason arises from the characteristic difficulties encountered in
performing tests on power-station reactors: There are nonstationary states related to extensive changes in the
parameters, which are particularly difficult for the automatic control, and which are extremely undesirable to
produce artificially for experimental purposes, since they involve large loads of all the main equipment, How-
ever, it is necessary to be completely convinced that the automatic system will perform its functions reliably
in a real emergency. The only possibility is to synthesize a system with allowance for all the states that have
to be provided for with a model that accurately reproduces these states. Such a model has been realized with a
BESM—6 computer, The model equations contained 540 nodes and described the nonstationary neutron-physics
processes in the diffusion approximation, the core thermodynamics, incuding convective heat transfer and the
formation of steam, the changes in xenon and iodine concentrations, and the operation of the control systems on
the basis of the characteristics of the control apparatus and effecters. The cal culated and experimental values
were compared for RBMK—-1000 reactors, particularly in order to check the adequacy of the model, and the
agreement was good [8].

The stabilizing behavior is characterized by the times involved in the residual deformations in the power
distribution during prolonged operation in the steady state. The viability of the LAC—LIC system in a stabili-
zation mode was examined with this model. The reactivity coefficients were as follows in the calculations:

@y =0.02025; ap=—0.9 - 10'5 1/°C; @=5.5+107% 1/°C (these correspond approximately to the states of the re~
actors in the first and second units of Leningrad Nuclear Power Station at the present time). The purpose of -
the calculation was to identify the spatial form of the inherent motion in the energy distribution together with

the time characteristics under conditions of prolonged maintenance of stationary power by the LAC—LIC system
in the absence of other controls. Pulsed reactivity perturbations to the initial state were introduced at the start
of calculations (two or three rods were displaced by about 0.5 m in the intervals between the regulators). Over
a sufficiently long interval, the traces of the initial perturbation die away and one identifies the inherent distri-
bution motion.

The results show that the period of rising amplitude in the inherent motion for the LAC —LIC system with
three regulators is about 30 min. Figure 2a shows the spatial form of this motion. The motion in a reactor with
four regulators is determined in the main by the second azimuthal harmonic, and the period is about 50 min
(Fig. 2b). A five-zone LAC—LIC system has even better stabilizing performance, but as with three regulators,
it is difficult to identify the predominance of any one harmonic (Fig. 2c). The period was estimated as several
hours, i.e., the LAC—-LIC system with five regulators is close in performance to the seven-zone LAC system
with transducers within the reactor [2]. ' ’

It was found that there was no objection to increasing the number of LAC further on the basis of a study of
the performance of the LAC~LIC system for stabilizing the distribution in the steady state and also from an
analysis of the response of the system to perturbations. However, cal culations on the period of the residual mo-
tion indicate that there will be no increase in stabilizing performance from using more than seven LAC, A sys-
tem consisting of seven regulators completely stabilizes the radial and azimuthal distributions with the above
reactivity coefficients. Figure 3 shows the dependence of the residual-deformation time constant on the number
of regulators in the LAC~LIC system,

Nevertheless, improved overall performance is produced in the rods included in the power control, and
this is favorable from the viewpoint of emergency power reduction in individual parts of the main equipment, Of
course, all the requirements of the nuclear safety rules are met. Final choice of the LAC ~LIC system struc-
ture is based not only on the cal culations but also on the requirement for maximum possible simplicity in real-
ization. In the present case, the structure of the automatic-control system on the RBMK~1000 allows very sim-
ple transfer to an LAC—LIC system, since the signal from each of the chambers is processed by an individual
amplifier, in which it is simultaneously subtracted from the power-transducer signal [9]. The RBMK—-1000 is
fitted with two automatic controls (main and reserve) with four chambers in each, which are located virtually
uniformly in azimuth [9]. Under these conditions, it is clear that one should implement an LAC—LIC system
with eight individual regulators.

The operation of an eight-zone LAC—LIC system under nonstationary conditions was considered by refer-
ence to emergency power reduction on emergency shutdown in the main circul ation pump (MCP) in one of the
circulation loops. When the MCP shuts down, the circulation rate in one half of the reactor decreases and the
steam content increases, and on account of the steam effect on the reactivity a perturbation is produced in this
half that can cause an increase in the neutron power, To provide normal conditions for fuel-pin cooling under

11
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Fig. 3. Dependence of the residual-deformation time constant T on the

res
number of regulators N- o) value of Tpeg in the presence of automatic con-~

trol (r 01)

Fig. 4. Transience in MCP shutdown mode: a) behavior of the neutron
power J and nonuniformity coefficient for the radial distribution Ky: 1) %
2) Kpj===- ) setting; b) rod position in LAC ~LIC system in left half L
and right half L, of reactor: 1) Lg; 2) Ly; o and d) unbalance in the LAC~=
LIC system channel in the left half 6 & and the right half ¢ &, of the reac-.
tor correspondingly; — =~ =) boundary of the insensitive zone.

such a situation one has to reduce the power at a rate of 2%/ sec to the level of 60% of the nominal value, while
maintaining the energy distribution unchanged. Figure 4 shows the transience in this state as obtained with the
nonlinear digital spatial dynamic model, Parts c and d of Fig, 4 give the unbalances in the LAC—LIC system
.channels in different halves of the reactor. The unbalance in the channel in the half with the switch=-off MCP
rapidly but briefly passes outside the limits of the insensitivity zone. The unbalances in the LAC=LIC channels
in the opposite half remain virtually within this zone throughout the transient response. The LAC~LIC system
copes successfully with this perturbation and provides a power reduction uniform over the reactor, The per-
formance of the control rods in the LAC~LIC system in this state is sufficient: The rodsremasin, in the working
range throughout the transient response.

This study of synthesis of a zone~unsymmetrial system has shown that it 18 possible to produce a highly
effective system for stabilizing the power distribution on the basis of LIC, which have high reliability and a.
wide dynamic range, Increasing the number of regulators to more than seven or eight is undesirable, since be-~
yond this limit there is virtually no more increase in the stabilization performance, A five-zone LAC~—LIC
system is comparable in stabilizing performance with a seven-zone LAC as regards the residual~deformation

- growth time, Synthesis of an LAC—LIC system provides a system corresponding to the set of practical spec- '
Hications.

12
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ANALYSIS OF THE STATISTICAL ERROR
AND OPTIMIZATION OF CORRELATION FLOW METERS

B. V. Kebadze _ UDC 681.12:621.039.534

Correlation methods are used increasingly to measure the coolant flow rate in nuclear power plants,
making use of different kinds of inhomogeneities in the flow and employing appropriate sensors [1-6]. The shift
of the maximum of the cross correlation function (CCF) along the time axis is the directly measurable param-
eter in this case. An important advantage of the correlation method is that it is not sensitive to a change in the
conversion ratios of the sensors. One drawback of the method is the relatively long measuring time due to the
need to carry out statistical processing of random signals. The error caused by the statistical scatter of the
positions of the correlation maximum along the time axis is considered in this paper. This error appears re~
gardless of the form of coolant and sensor, depends on the frequency properties and degree of correlation of
the signals, and determines the measuring time necessary to obtain the required accuracy; from the practical
point of view it is important to make a substantiated reduction of this time.

Derivation of Relations for the Estimation of the Statistical Error. Unlike the case of the amplitude error,
- which has been discussed in detail in [7], methods for the estimation of the time error in correlation measure-
ments. have not been developed adequately. The computational relation obtained in one paper on this subject [2]
is applicable only to a partial form of statistical characteristics. The correlated nature of the amplitude errors
is obtained in the form of a functional dependence on the total amplitude error of the CCF,

At the same time, it is not difficult to show that for completely correlated signals the time error of the
position of the maximum is insignificant and easily removed for any large amplitude error. As an example, we
consider identical signals x(t) = y(t) which are not shifted in time. When cyclical notation is used for the real-
ization of a random process 'd_etermined by the condition x(t + T) = x(t), the following relation is satisfied:

T T
+ [ @O—z0etoia =5 (2O —2@ropa=14 0 —Rm>o0.
0 0
Here l?t(O) and ﬁ('r) are estimates of the correlation function (CF), Thus, in this case R(7) has a maximum
at v =0 without regard for the dependence on the amplitude error of the estimate. The absence of a shift along
the time axis is due mainly to the fact that the amplitude errors at close points of the CF are not independent
but are cross-correlated. This subsequently allows the shape of the correlation peak in the absence of uncor-
related noise to be assumed to be approximately constant, only random variations of the amplitude being taken
into account. Similar discussions can be carried out for the case of pure delay between completely correlated
identical signals. ‘

Uncorrelated noise is the main source of error in the time shift. It is clear from the above that we must
separate the components of the signal and the correlation functions into correlated (CC) and uncorrelated (UC)
components. The following arguments can serve as the physical basis for this separation. The nearly identical
signals from the sensors arise when flow inhomogeneities (of temperature, the velocity profile) pass through
the sensors. As follows frqm the experiment in [3, 5], these inhomogeneities are due mainly to the existence -

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 15—20, January, 1984. Original article submitted
May 10, 1982, :
0038-531X/84/5601-0013$08.50 © 1984 Plenum Publishing Corporation 13
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of large-scale hydrodynamic formations (vortices) in the flow; the stability of these formations under displace-
ment over a considerable distance (L > D, where D is the diameter of the tubing) and the fact that they maintain
thelir spatial orientation are conducive to the formation of identical signals (the correlated component). There
are also obstacles to this. Thus, with displacement with the flow some "smearing® of inhomogeneities oceurs,
as manifested in the damping of high frequencies in the signals, The use of filtration with allowance for the
frequency variations during the transfer of perturbations makes it possible to reduce the difference of the sig~
nals and to increase the fraction of the correlated component. At the same time, the complex nature of the tur-
bulent motion leads to the appearance of uncorrelated components, The probability exists that a vortex, de-~
tected by the first sensor, will break up before reaching the second sensor; new perturbations, which affect only
the second sensor, are formed in the segment between the sensors. For vortices recorded by both sensors
there exists a statistical scatter of the trajectories, displacement time, and spatial orientation., Local small-
scale fluctuations within the confines of each sensor and the noise of the measuring ions within the confines of
each sensor and the noise of the measuring channels are additional sources of uncorrelated noise, Thus, the
signals of the sensors are represented as

z(t)=s(t)+n,(t);

y () =s(t —Tmax) + n(2),
where the noise sources n;(t) and ny(t), which are uncorrelated with the value of s(t) and s(t— Ty, o4) because
for the nonideal coincidence of s(t) and s(t —r_._.) because the filters incompletely compensate for the fre~
quency distortions. When the uncorrelated nature of s(t), n,(t), and nz(t) is taken into account the autocorrela-
tion and cross-correlation functions of the x and y signals can be represented as .

Re(5) = Ry (5) + B, (5 ,
Ry (v} =R, (v) + Ry, (7); , (@)
R,, v () — R, (v~ Tmaz).

@)

Further derivation follows mainly from [8]:

1. Using the well-known expression from [7] for the variance of the estimate of the CCF of random. pro~
cesses with a normal distribution law,

.1+w‘

oh, =+ | R@R <a>'+n;.,(a+r>ﬂy=(e—r> %,

taking Eq. (2) into account, and assuming that the length of realization is sufficient for the unoorrelated com-
ponents of the CCF to vanish, we separate the components of the error of the correlated and uncorrelated com-
ponents of the CCF':

Ok, =0¢c+0hc —'— S [R3(E)+ R, (&- l—t—tmn)R (E——'c-l-rmu)]d&—l-

++ 5 (R0 ©) Ry 0+ Ru ) Ry P 8 B, 1, | - @)
The value of czcc can be estimated as o
o<+ j Ry (B) ag,

while U{IC is the sum of the vana.nces of the uncorrelated components of the CCF

Ohc = Oy, + Ok, 4 GRNxNz
2, We introduce the constramt consisting in the assumption that the functions Rg, RN, and RN, have the
same form ‘ :
=S§f(x); Ry, =Nf(x); En,= sz (T) fo=1 ' “)
This constraint reflects the real situation. ‘

If the form of the functions Rg and Ry (hence, Ry, Ry, and Rx as well) were to differ strongly, this would
mean that the measuring channels are loaded with signals that are not informative from the point of view of cor-
-relation measurements and that frequency filtration is necessary. Such filtration, which suppresses both low~
- frequency fluctuation of the parameters and high-frequency noise, is carried out in practice, and as a conse--
quence the frequency characteristic of the signals and the form of the correlation function are formed to a con-
_siderable degree by the filters., When Eqs. (3)-and (4) are taken 1nto account the dispersions, normallzed to the -
square S? of the correlation peak, are .
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=°%§c.o§2¢/T3 , _ : (5)
: N, N, .N N
oo o= 7 (FHFHT ) | @

400
where &= S £(7)d7 is the form factor.

3. The error in the determination of the position of the maximum of the CCF is due to the fact that be~
cause of the statistical error of the uncorrelated components of the CCF a peak possessing a random amplitude,
randomly displaced from the main peak by an interval A along the v axis, may be superimposed onto the main
peak determined by the correlated component.. The height of the correlated peak has a scatter in accordance
with the relative variance O'ZCG, 0- If by 6yc we denote the amplitude of the random peak relative to S and by
6c we denote the relative deviation of the amplitude of the main peak, we get the following expression for the
estimate of the CCF in the region of the maximum:

£ () =1+ 86) 1 () + 8yl (s— ).

The origin of the time coordinate has béen transferred here to the point Tmayxs Since the frequency properties
of the signals are identical we assume that the shapes of the peaks can be described by the same function £(7).
Using an expansion up to the quadratic term in the form . . '

f@=0+8 [+ 57 O] 1oy [1+2 70 @—ar]

with allowance for the existence of " (0) for real random processes, we can easily determine the shift of the
maximum :

" = TTF8¢ Faue ' @)
For 6¢, 6yyc<< 1 we have
T, & §yeA. (8)

We determihe the variance of Tg, faking account of the fact that the mathematical expectations of ‘ oyc and A
are0: .. .. .

0 = [[exape a4 ©
D

'The subscript UC is omitted here and henceforth p(é, A) is the combined probability density, defined in a cer-
tain region D. The amplitude of the random maximum and its position along the time axis are statistically inde~
pendent and, therefore, )

p (8, 8)=p(®) p(A). (10)

For p(A) we have taken uniform distribution in an interval, for which we have chosen the correlation interval
o= S |7 (%) | dr.
0

This choice can be justified by the fact that the probability of one random peak appearing in this interval is
fairly high while the number of these peaks is small:

P =i —S<a<L. . an)
The probability density for the amplitude of random maxim4 can be found, taking account of the fact that the esti-
mates of the correlation functions are asymptotically normal [9]. In the case under consideration the estimate
has a zero mathematical expectation and the variance (6). The values of the CCF of correlated process can be con-
sidered as arealization of arandom process along the 7 axis. Itis known {71 that the frequency characteristics of this
realization are roughly the same as those of the initial processes. The range of the latter is limited by high .
and low frequencies. As is known [9], for processes with an almost constant spectral density in a limited fre-
quency band the amplitude distribution approaches a Rayleigh distribution as the frequency band decreases.
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We apply it for the amplitude of a random maximum with allowance for the symmetry of the distribution:

p®) =7k exp (— 25 ). (12)

In accordance with Eq. (9) with allowance for Eqs. (6) and (10)—(12) we get

VeV TR R G us>

where o is the relative rms deviation for the uncorrelated components of the CCF. For the particular N;=N,=N
with allowance for the definition of the correlation coefficient p,

p= Ryy (Tmax) - S :
VR:O)R, o) S+N - (14)
we get : v
_+/ 2% 1—p 1/2
0=V 3773 { [2 +( )]} . , (15)

In solving the optimization problem we consider the relative error o, =0 s/"'max’ Tmax ¢anbe expressed intermsof
the basal distance Az and the average flow velocity: Tiax =A2/vay. -

Comparison with Experiment and the Possibility of Optimization of the Parameters of a Correlation Flow
Meter. The calculated estimates of the error on the basis of the relations derived were compared with experi~
mental random errors in correlation measurements of the velocities and flows of sodium and air {3, 10]. Low-
inertia thermocouples were used as fluctuation sensors in the case of sodium and hot-wire anemometers in the
case of air, The distribution law of random signals is nearly normal. During the experiments we varied the
basal distance between sensors, the frequency range of the filters, and the measuring time. For each set of
these parameters we carried out 100 measurements of 100 CCF and from the results we estimated the relative
rms deviations of the position of the correlation maximum which are given in Figs. 1 and 2 with a 90% confi-

* dence interval indicated, When correlating thermal noise it is necessary to suppress the low~frequency com-
ponent arising as a result of the thermal interaction of temperature inhomogeneities with the wall; accordingly,
in the experiments we employed a band filter with a tunable central frequency f; and an attenuation of 48 dB per
octave. In comparing the calculated data with the experimental data we assumed that the frequency properties
of the signals are determined completely by the filter, whose frequency characteristic was presented as

' PEFRST
F(f)=exp { - (fzﬂg/o)]_} ’

which corresponds to a normalized correlation function R (1) = exp — ("T) ¢03 wyT. The parameter B was deter~

mined in accordance with the given attenuation:

B=nfy2V 2.
- The form factor and the correlation interval were determined from the relations presented earlier and were
found to be equal to 5 —é—

Since the sensors were set up in the stabilized segment of the flow, we can justifiably assume that the sta-
tistical characteristics of their signals are identical (N; =N,) and use formula (15), taking the value of p from
the experiment. During measurements, over a wide range, of the basal distances and operating frequencies in
sodium and air flows it was established [3, 10] that the dependence of p on the parameters indicated is approxi-
‘mated well by the expression

p(Az, K) CieXp[—(C +C3Az) K], ' (16)

where K= fo/ v (in the calculation the relative error op.has been assumed). The results are represented by solid
linesinFigs, 1 and 2. The general nature of the dependence of the error on the measuring time corresponds to

1/VT (see Fig. 1a,b), which follows from formulas (13) and (15). The calculations also confirm the existence
of maxima of the error as a function of Az for different frequency ranges (see Fig. 2a, b). Fair quantitative
16
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Fig. 1. Relative rms deviation oy as a function of the measuring time for air (a) for
vay =54 m/sec and Az =100 mm and for sodium (b) for vgy =5 m/sec and Az=143
mm: O, 0, A, v ) f=100, 200, 300, 500 Hz, respectively, p=0,74, 0.64, 0.57, and
0.34; 8., A,V )f;=30, 60, 90, and 120 Hz, respectively, p =0.55, 0.45, 0.37, and
0.25. ‘
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Fig. 2, Relative rms deviation oy as a function of the basal distance for air (a)
for vay =54 m/sec, T = 0,68 sec, p=1.0exp[—(3.57 + 0.7242) K], K = fy/v,, cm~!
and for sodium (b) for v5, =5 m/sec, T = 2.7 sec, p = 0.9exp [—(0.235 + 0.38 Az)
K], K=fy/vay em™; G, v, O) (curves 1, 2, 8) £,=100, 500, and 1000 Hz; ®, V¥, ¢)
fy=60, 90, and 160 Hz.

agreement of the experimental and calculated data is observed over a wide range of frequencies and correlation
coefficients (0 =0,1-0.9). The appreciable discrepancy at fy =1000 Hz and large basal distances (curve 3, Fig,
2a) can be explained by the fact that for the given frequency range and distances the real form of the CCF and
the values of 7c and ¥ can differ from the same parameters obtained from the characteristics of the filter, owing
to a drop in the spectral density of the signal within the filtration band. On the whole, Eq. (15) correctly re~
flects the nature of the dependence of 0, On the measuring conditions and can be used to analyze the statistical
error and to minimize it. :

Once the dependence of the correlation coefficient p on the basal distance and the frequency range has
been determined on the basis of a small number of measurements, Eq. (15) canbe used to calculate the param-
eters of the optimum correlation flow meter which ensures a minimum statistical error at a given measuring
time or a minimum measuring time for a given error. Thus, solving the minimum problem for the function
or=0(Az, f;) using Eq. (16), we can easily show that the optimum basal distance Azopt =2Cy/Cy. The corre-
sponding value of f,, opt is found by solving a transcendental equation. On the basis of the values of Cy, Cy, and
C, obtained experimentally {3, 10] we found the optimum parameters for measuring segments with air (Azopt =
9.92 em, fy opt =711 Hz, oy =3.06% for v, =54 m/sec, T =0.68 sec) and with sodium Azopt =1.24 cm, fo,opt =
1014 Hz, 0, =0.76% for vay =5 m/sec, T =2.7 sec). We note that the optimum values for air lie within the inves~
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tigated range of Az and f) and are fairly reliable. The calculations for sodium indicate a need to carry out mea~
surements in the range of high frequencies, which were not encompassed by the experiments of [3, 10}, and it
may prove necessary to make the approximation relations (16) more exact by taking account of the frequency of
the temperature sensors. This enables the optimum parameters to be refined, The optimum basal distance
decreases with the damping exponent of the correlation coefficient C,, which does not depend on the basal dis=
tance and is determined mainly by the intrinsic noise of the measuring channels (measuring lines, amplifiers),
Consequently, the range of optimum frequencies shifts to lower frequencles. The tendency of 0y to vary within
the framework of the approximation used for p is traced well provided that Cyaz»C,, Decreasing Az when
Azfy =const and bearing in mind that r o, & ~ 1/f), we can easily show that oy~ 1/VI;~vAz. Obviously, the re~
duction in the error owing to a decrease in the basal distance and an increase in the frequency should be en~
sured by the dynamic properties of the sensors. We also point out that the possibility of a given error being
attained in a minimum time as a result of optimization also means an improvement in the dynamic character-

. istics of correlation flow meters operating in a continuous measurement mode. The examples presented here
show that the statistical error (1% ) employed can be reached in 2~3 sec under the actual conditions of sodium
loops. It must be pointed out at the same time that in the optimization of correlation flow meters the criterion
of minimum statistical error is not the only criterion. When correlation flow meters are constructed it is nec-
essary to take other factors into account as well, e.g., the relative error of the basgal distance, the influence of
local distortions of the flow profile, etc.

In conclusion, we point out that, despite the series of constraints and assumptions adopted during the der~
ivation, the relations obtained for the estimation of the statistical error are in fairly good agreement with the
experimental data and can be used to optimize the parameters of correlation flow meters. Refinements of the
computational technique can involve the choice of the interval for finding the random maximum; the limits of
applicability of the derived rel ations must also be estimated. ‘
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"ANALYTIC APPROXIMATION OF NEUTRON

PHYSICS DATA

S. A. Badikov, V. A. Vinogradov, ' , . UDC 539.12.088
E. V. Gai, and N. S. Rabotnov - '

A need of an analytic representation of one~-dimensional functional relations arises at various stages of
physics research and engineering development in which the results of the research are used. The physics cal~
culations for nuclear physics plants require an extremely large amount of calculations and input data. A sub-
stantial part of the latter are functions in one variable, describing the energy dependence of the cross sections
of various nuclear reactions initiated by neutrons. The acquisition, storage, estimation of these data, and rep-
resentation of them in a form that is most suitable for use have become an object of independent and important
gcientific discipline., The goal of this discipline is to obtain estimated data for which, in addition to the value
of the cross section for any energy, it is necessary to know the accuracy of that value, i.e., to be able to deter-
mine the error of the estimator curve,

The initial experimental information is always a discrete set of values measured with a finite error at a
finite number of points. Analytic approximation of these data should determine: The approximant £fL] (E, py»
P2» ee» P1,)» Where E is an independent variable, pj are parameters, and L is the total number of the parameters.
The value of the approximated cross section for a given E and the £[L] found remains, of course, a random quan~
tity that is not known exactly, so that flL] (E) is the average value of the statistical distribution of this random
quantity; v :

T =-AE) is the error of the random quantity. If its distribution can be assumed to be normal, then usually
A(EY is the standard deviation, which is the quadratic form of the errors Ap; of the parameters;

— The correlation coefficient p(E, E,)) for the values of the approximant at two arbitrary points of the
energy range under consideration.

All of these characferistics of an approximation by rational functions (Padé approximation) are consid-
ered below. '

The Padé Approximant, Its Physical Sense, and Different Parametrizations, The Padé approximatioﬂ
was advanced at the end of the last century [1] but only in the last decade has it found increasing application in

“very diverse problems of mathematical physics [2—7]. Its use in the processing of experimental data has hith-
‘erto been limited by the nonlinearity of the corresponding problem of the method of least squares and the pecu-

liar form of the instability due to the appearance of real singular points in the approximant. In [8~10] methods
were proposed for overcoming these difficulties, an applicable method of Padé approximation of experimental
relations was constructed, and practical experience from the use of this method was accumulated. A Padé -
approximation of the second kind for a function f(E) is the name given to the rational function

¥ (E) = Py (E)/Qn (E) : (1)

[here, PN(E) and Qum(E) are polynomials of degree N and M], which coincides with f(E) at L points, i. e.,
satisfies the system of equations ‘

Ay (Bv) = Py (E)/Qu (E) =F (By); v=1,2,...,L. @

When each equation is multiplied by QM(E v) this system is transformed into a linear system in the coefficients
of the polynomials, Its solution can be easily found by means of simple two-term recurrence relations, without
resorting to matrix inversion (see, e.g., [11]).

A distinctive feature of the Padé approximant is that it has poles which coincide with the roots of the poly-
nomial Qpp. In neutron physics the approximating functions are most often resonance curves of neutron cross
sections. The resonances correspond to complex poles of the S matrix and this serves as the physical basis of

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 20~25, January, 1984, Original article submitted
April 22, 1983. ' ' : :
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Fig. 1. Results of Padé approximation: a) of time spectrum in mea~
surement of the 52Cr(p, n) cross section [19] for L =28 parameters;
b) estimated data on the *0m, p) *N cross section in point-by-point
assignment (BOSPOR library; the complete results of its analytic
approximation are collected in [14h]); ®) experiment; —— ) approx~
imant. ‘

the Padé approximation in this case. Rational functions are convenient to use in calculations, Since the result
of any arithmetical operations on them is once again a rational function, which can be expanded into a sum of
elementary expressions in only one way {see Eq, (3)], then many functionals (collision integrals, coefficients of
resonant self-screening, etc.) which are important in reactor calcul ations can be quickly calculated analytically.

The parameters determining the Padé approximant can be chosen in many ways, e.g., the coefficients or

the roots of the polynomials Pn(E) and QM(E) can be taken. One way, which is most suitable for our purposes,
is to give the representation in the form of a pole expansion '
’ i . 15
{L] — ak o (E—ei)1Bi 3
N m(E) C+1§1 F—pn +i§i E ey @)

Such an expansion can be obtained by finding the roots of QM(E) (the real poles should, naturally, lie beyond the
limits of the interval under consideration). Equation (3) is in essence a generalized multilevel formula of reso~
nance analysis and the parameters appearing in it can in many cases be assigned a clear physical meaning. For
an investigation of the statistical characteristics of the approximant obtained, however, it turns out to be. more
suitable to use the parametrization with. reference ordinates, as presented in {12, 13]. If we choose L arbitrary
values of the argument E, and write the system of equations

fEy Py o oosb)=Ffv; v=1,2,...,L, 4)

defining the set (p,) as a function of the set (fy), then the values of f,, can be considered as new independent pa~
rameters. We shall call them reference ordinates. ’

The errors of the reference ordinates directly produce a "corridor of errors" along the curve. Moreovér, ‘

all of these parameters have the same dimension and the approximant is, in a sufficiently general case, a homo-
geneous symmetric functionof the first order in those parameters (the last is most important). By Euler's theo-~
* rem on homogeneous first~order functions the following representation is valid for them:

20
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Fig. 2 Results of processing of model problem [the functlon, determined by Eq. (18), has
had its values randomized with a scatter of (Af/f)=5%]: a) Padé approximant, constructed
by discrete optimization; b) estimate of the approximation error by formulas (7) and (9)
(cross hatching); single shading represents the experimental error; ) approximant
reckoned from the true curve; ®) experiment.

L .
af
f(Evjh'--rfL)=§1f'7f’;' (5)

Although it is not linear in f, (the derivative also dependsonfy;), in some respects, as will be shown below, it
can play the role of a linear expansion in orthogonal functions. The choice of the values of the abscissas Ep

is arbitrary, making the parametrization with. reference ordinates extremely flexible. The choice can be sub-
ordinated to certain optlmahty requu'ements and can be made unique. Two versions of such a choice are con-
sidered below..

Construction of the Padé Approximant. The system of equations (2) is reduced to a linear system in the
coefficients of the polynomials Py and Qs but it can be used to solve only the interpolation problem. A prob-
lem of the method of least squares, in which the number Ngy of experimental points is greater than the number
L of parameters is nonlinear in the Pad approximant. The complexity of the numerical solution of this prob-
lem increases as L grows, Accordingly, in [8, 9] we proposed an approximate method of solving this problem
by minimizing the statistical sum of a discrete subset of values of the parameters f,,, Inthis case L experi-
mental values in different combinations are chosen are reference values. The convergence of the method proved
to be entirely acceptable. The details of the corresponding iteration process were described in {8]. Theoretical
estimates show that the rms deviation of the approximant obtained by the method of partitioning from the solu~
tion of the problem of the method of least squares is smaller by a factor of vN__ /T ‘a than the deviation of the
latter from the exact curve, If Ngy/L is of the order of a few units, the solution can be made more exact by
minimizing the statistical sum using gradient methods since an explicit expression [see Eq. (9) below] is easily
obtained for the derivatives with respect to the reference ordinates appearing in Eq. (5).

For a number of years we have used the Padé approximation to represent different kinds of experimental
and estimated data in neutron and nuclear physics in analytic form [10, 12-17]. Figure 1 shows the approximants
for different stages in the processing of neutron data, constructed for the time spectrum at the analyzer output
(see Fig. 1a) and for the estimated curve of the cross section for the threshold reaction in point-by-point as-
signment (see Fig. 1b). Figures 2a and 3a give examples of the processing of a model problem and the construc-
tion of an estimated curve on the basis of a set of experimental data from various authors. The examples differ
as to the degree of complexity (the number of parameters used is approximately four per "peak"). The method
was used to approximate resonance curves with the total number of parameters L < 40, ‘

Variation of the Choice of Reference Abscissas. Statistically Optimal Padé Approximant. We consider the
following problem. Suppose that we know the measured dependence is described by a rational function of order
L and suppose that the measurements are carried out for values of the argument Ey which can be chosen arbi-
trarily within the limits of the given interval, and that the absolute accuracy of the measurement is fixed and
does not depend on E. This means that the measured values are

Fu=f(Eu)+Au, l"’=1'1 2,-..,L, (6)
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Fig. 3. Results of construction of estimated o(E) curve for the 238U, 2n) curve on the
basis of the experimental data of [14g]: a) Padé approximant; b) estimate of the approximation
error (smooth solid curve); the values of the experimental errors are shown by the broken line.

4. 2 0 '
Fig. 4. Maximally informa-
tive points and error of statis~
tically optimum interpolation
for an isolated resonance. The
middle part depicts the function
f(E) = (1 +0,2E)/ (1 +E?); the bot-
tom part shows the position of
the maximally informative points
(QO) and the poles of the approxi-
mant in the complex plane @) to
illustrate the electrostatic anal-
ogy; the upper part shows the
curve of the interpolation error

CA(E),

where f(Eu) are the values of the true rational function and Au are random quantities with the same normal dis-
tribution, The interpolating function f[L] (E) isconstructed by ‘substituting F), into Eqs. (1) and then solving the
system. The values of { L (E) at arbitrary points of the interval under consideration are random quantities
whose distribution depends.on the choice of the interpolation points Eu. ' '

As the optinﬁality criterion for the choice of Eyu we take the minimization of max AQ(E), the maximum of
the mathematical expectation of the squared deviation of the values of the interpol ation function from the true
function in the interval under consideration, The rms error of the description, for small Ay, is equal to

Az (E) S (o 230 _pe st (OB @)
| ()=Ei( ) b= uzi( ) |
p= =
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TABLE 1, Reference Abscissas Ep. and Ordi-
nates fi, Ensuring a Diagonal Covariant Matrix,
and Errors Afpu of the Reference Ordinates

] . Estimate of 200(n, 2n)
Model problem (Fig. 2) cross section (Fig. 3)

| OBy o Af, Ep, MeV fu' ,mb* |Afy, mb*
1| -0,936 | 2,650 | 0,0665 [ 5,55 | . 86,5 4,2
21 —0,669 | 4,184 | 0,0870 7,09 508 13,2

31 —0,368 | 4,838 | 0,0995 8,24 | 1209 22,5
4| —0,080 | 4,652 | 0,065 | 9,75 | 1405 245 i
5 0,493 1 7,006 | 0,1503 | 11,62 | 1447 54,1

6 0,432 {12,375 | 0,2935 | 13,61 | 1052 19,4

7 0,656 110,254 | 0,2268 | 14,60 720 11,8

8 0,927 | 4,790 | 0,4101 | 17,29 | 335 | 16,7

1 h=10-28 m’,

The right-hand part is obtained for Af = A2,

The derivatives [in Eq. (8)] of the approximants with respect to the independent parameters (reference
ordinates f,) possess obviousl_properties: .

3 i[L] (E) l .

afy E=E,

=y, 8)

From the definition ) it also follows that all of the functions aflLYy (E)/af_,, should be the ratio of two polynomials,
the polynomial in the denominator being equal to Q%/I (E) while the polynomial in the numerator is of the degree
M +N _and_should satisfy Egqs. (8). This uniquely determines _
‘ E—E,) Q% (E
o151 (&) _vl_lu< ) Q3 (Ew)

M Q4B [ (Eu—Ey "
. VER

@)

Thus, we require that A%E). << ANE,) = A'for E % E;. Then the necessary optimality condition for choice
of the reference points will be

{L .
—aaE—ale(thz&u =0; pu=1,2,...,L. (10)

It was shown in [12, 13] that a simple electrostatic analogy exists for the problem of finding the setsof Ey
which satisfy Eqs. (10).. The values of E; correspond to the equilibrium coordinates of a system of L. charges
of the same value and sign which can move freely along the E axis, interacting in accordance with a logarithmic
law with each other as well as with M charges of opposite sign and twice the value, attached at points in the
plane with the coordinates x% and yf{ if the complex numbers E&=xf{iiyi are the roots of the denominator of the
approximant f. This statement is illustrated in Fig. 4 for the simplest case of an isolated resonance of unit
half-width for Q=1 +E. Inthe general case calculation of the four statistically optimum abscissas gives

+(1+2/v5)Y2, The optimum points "repel™ each other and are "attracted" to the poles of the approximant, i.e.,
to resonance energies.

In the particular case of polynomial interpolation [QM (E)= 1] "external® charges are absent and the opti~
mum abscigsas coincide with the solution of the problem of the so~called maximum spacing of points on a seg-
ment [18]. If by a linear transformation we reduce the interval of values of E under consideration to [~1, 1],

then Ey will be zeros of the derivative of a Legendre polynomial of order L — 1 with the addition of the ends of
the interval E; 1, = +1 and for A?(E) we obtain the explicit expression

A(E)=1—(1—E*[Pi-, (EYEIL(L+1), , (11a)
where P1.-1(E) is the Legendre polynomial,

The exact result for the "diagonal® Padé interpolation (for M =N) is of interest. In this case AYE) = A% =
const, i.e., the approximation error is constant and is equal to the measuring error (or calculation error if cal-

culated values are interpolated). In another important particular case of the "near~diagonal® Padé approxima-
tion (N=M - 1)
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L
a2 (B)=1 =[] &—E)Qu (B)] M, (11b)

It must be pointed out that with a nonoptimum (e.g., equidistant) choice of interpolation points the interpolation
error increases rapidly with the order; for L > 10 it assumes the nature of a "swing," in which case the values
of the function between angles increase in an unlimited and uncontrolled manner as to modulus, The values of
Ey, chosen by this method, will be called statistically optimum abscissas of the first kind or maximally informa~
tive points,

Another version of the choice of optimum abscissas is associated with the problem of the method of least
squares. It enables a diagonal covariant matrix to be obtained for the reference ordinates for statistically inde~
pendent experimentally values,

Suppose that F; (=1, 2, ..., Ngx) are the experimental values of the approximated function, measured for
the values E; of the argument with independent normally distributed errors, whose variances are given and are
equal to a%. Then ' '

s B () —FyJe
5= 3 UEe=nr | a2
i={ .

is a statistical sum which can be minimized in the method of least squares, We subject the choice of the refer~
ence abscissas Ey (u =1, 2, ..., L) to the requirement that the informative Apy and its covariant inverse Vuy
be diagonal. By definition : :

a8 as . : o
AWV:—a—f;—Wv—E (V ‘),,w=;vu6uv. ) . . . (13)

Here the averaging is carried out over the distribution of the deviations of the experimental values from the
true values, Substituting the sum (12) into Eq. (13),_ we get :

A S AT 21ED YT 0B _15 (14)
"”121“_'%‘[ B ] afy ]_ Ll o

For this matrix to be diagonal it is necessary and sufficient that the derivatives 9f(E)/ efg be’ drthogbna.l ona
discrete set of values of the argument E; with a weight of 'l/a'g . In this case

(Afv)2=1/Ay ' (15)
are the variances of the reference ordinates as parameters of the approximant, .

Using the well-known properties of orthogonal polynomials [18] and taking Eq. (9) into account, we can
easily see that in order for Eqs. (14) to be satisfied it is sufficient to take for Eu the roots of the polynomial
P1(E) from the system of polynomials py(E), p,(E), ..., Pr(E), which are orthogonal 6n the set E; with.a
welght of 1/{0}Qz1(E})], L.e., satisfy the relations ' -

Nux

2. Pu(E) by E)IoQN (B) = Ny | ‘ (16)

Methods of recursive construction of such systems of polynomials are well known [18]. After the choice of the
reference abscissas by the method indicated (they can be called statistically optimum abscissas of the second
kind) the estimate of the mean~square error of the value of the a proximant at any point is determined by Eq.
(7) and the correlation coefficient of the values of f[L](Ei) and f&] (E,) at two arbitrary points is equal to

o o [L]
P B, E)= 3 L (B) L B (01 VEEEE. a7

u=1

We illustrate the described method of calculating the error of the approximant. We begin with a model example
for which we chose the approximation of the function

: S 14-0.28 )
f(E) “ET05e +,0.5a+ (E=05FF0.3° (18)

"measured” at 41 "equidistant” points in the interval [—1, 1] with an error which was determined by a random-
number unit selecting random numbers from a normal distribution with an average value of 0 and a variance
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corresponding to a standard deviation of §%. Figure 2a gives these simulated "experimental™ points and the
constructed approximant and Fig. 2b gives the deviation of the approximating function from the true function.
The shaded regions correspond to the corridors of error, the "experimental® corridor and that determined by
formula (7). As was to be expected, the points of the approximant lie in the second corridor, roughly half as
wide, with a probability corresponding to the standard deviation. The values of the statistically optimum
abscissas of the second kind E, , the reference ordmates f,,, and the errors Af, of the reference ordinates for
this example are given in Table 1.

In Fig. 4 such data processing is carried out for the estimate of the cross section for the 23*U @, 2n)
reaction in the energy range from the threshold energy to 19 MeV (example taken from [14g]). The readings
are made from the values of the approximant. Although the number of parameters in the same case-is the same
as in the first case (eight), abrupt jumps in the dependence of the experimental error on the energy (data from
many papers with different accuracy were processed simultaneously) worsen the condition of the numerical con-
struction of the required system of orthogonal polynomials, but this complication does not cause any difficulties.
The numerical data, as for the model problem, are given in Table 1. As is seen, the error of the estimate is
everywhere noticeably smaller than the envelope of the experimental error.

Conclusion, The method presented above for constructing rational approximants and obtaining their sta-
tistical characteristics is fairly convenient and universal, When it i considered that exponential-harmonic
analysis also reduces to rational approximation, not of the function itself but of the results of the application of
the Fourier and Laplace transforms to the function [15a, b], the range of application of this method encompasses
practically all the major systems of approximating functions. The existence of pole singularities in the Padé
approximant is an extremely valuable analytic property, substantially expanding the region of convergence and
increasing its speed as compared with the polynomial approximation., The Padé approximation is particularly
a natural instrument for processing resonance curves since the resonances correspond to complex poles of the
approximant. But in the general case as well analytic representation of data in this form is convenient and com~
pact. Thus, representation of data on the cross sections for threshold reactions under the action of neutrons
(BOSPOR library [14h]) in the form of rational functions resulted in a 20-fold reduction of the numerical informa-~
tion subject to storage as compared with the point-by-point assignment with the same accuracy of description.
All of this enables the Padé approximation to be considered as a promising method of representing neutron and
nuclear data.
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FRACTURE RATE OF 10Kh2M STEEL WHEN WATER
ENTERS SODIUM IN A COUNTERFLOW STEAM
GENERATOR

V. S. Sroelov, P. P, Bocharin, UDC 621.039.526
A. A, Saigin, and T, I, Vasilevich

Experimental investigations of processes that occur when water enters sodium in a counterflow steam
generator showed that various regimes of sodium flow can arise in a faulty tube [1, 2): internal-flow regime in
which the sodium flows stably through the tube; a displacement regime in which the tube is partially or com~
pletely filled with gas and sodium does not flow through the tube; finally, a pulsation regime, characterized by a
successive change of internal-flow and displacement regimes. The fracture rate of the structural material at -
the site of a leak depends essentially on the flow regime. In the displacement regime at leaks greater than
1 g/sec (which is characteristic of the second stage of leak self~development) the tube does not fracture for a
fairly long time [1, 3].

In the internal-flow regime the rate of self-development of small leaks is the same as in a once~through
steam generator |3]. The same is also true of the fracture rate of the tube opposite the site of a leak [1] since
at this point there is a continuous contact of sodium with the leaking water. Consequently, in the calculation of
breakdown processes in a counterflow steam generator use can be made of experimental data on the fracture
rate of targets, obtained under similar conditions for a once-through steam generator,

The dependence of the fracture rate of 10Kh2M steel on different parameters was investigated thoroughly
in 4] but these data cannot be applied directly to the conditions of a counterflow steam generator since they
were obtained at a sodium velocity of 0.24 m/sec in the experimental segment (as applied to a steam generator
at the Monju Atomic Power Plant) and the sodium flow velocity in the tubes of a counterflow steam generator is
substantially higher; e.g., in the counterflow steam generator of the BOR—60 plant (5] this velocity is 3.5 m/sec.

Contradictory results have been obtained on the influence of the sodium flow velocity on the fracture rate
of steel. It turns out |6] that at nozzle-target distances of 32—35 mm and water flow rates of 2—30 g/sec the
fracture rate of the steel is inversely proportional to the sodium flow velocity. Green [7] reports the opposite
tendency: as the sodium flow velocity increases from 0.6 to 3,0 m/sec the fracture rate increases roughly two-
fold, Dumm [8] gives a qualitative relation which shows that at relative nozzle~target distances of 15~120 the
fracture rate of the steel decreases as the sodium flow velocity increases from 0,3 to 3.0 m/sec. Inlater papers
Kanegae et al. [4] and Cambillard [9] point out that the fracture rate does not depend on the sodium flow velocity,
The dependence of the fracture rate of steel on the sodium flow velocity in the tube of a counterflow steam gen-
erator, therefore, was investigated experimentally.

The construction of the experimental apparatus is shown in Fig, 1. A sodium channel with a 16-mm diam-~
eter is drilled in the casing 1. A water injector is introduced through a fitting 2 into the channel perpendicular
to its axis; the injector consists of a bushing 3, piston 4, nickel needle 9, nickel nozzle 10, union nut 5, and a
mechanical drive for the needle with a hermetically sealing sylphon bellows (ot shown). A target 7, made of
10Kh2M steel, is inserted coaxially with the injector into the channel on the opposite generatrix. An excess
argon pressure of 5 MPa was produced in the gap between the target and the flange 8. The experimental appa-
ratus is installed in the circulation sodium loop by welding the casing to the tubes 6.

Before the experiment the sodium loop was heated to the required temperature and the required sodium
flow rate through the experimental segment was established. Once the steam line had been purged, the valve

Translated from Atomnaya Energiya, Vol. 56, No. 1, pPp. 25-28, January, 1984. Original article submitted
April 27, 1983. :
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TABLE 1. Conditions and Results of the Experiments

Conditions of : ‘No. of expt.
expt. , : - ‘
1 2 3 4 5 ] 7 8 9 10 11 12 13| 14 15

leOdi“m temp., 6 | 748 | 43 | 724 | M5 | 718 | 708 | 732 | 725 | 730 | 733 | 737 | 733 | 733 |, 729 !
1Sodiumvelocity, 5,36 | 3,06 {0,948 1,81 | 2,50 | 3,91 | 2,92"| 4,46 | 5,96 | 1,35 | 4,72 2,751 o | 4,370,967
| _m/sec - : ,
!Steam temp., 'K 709 | 741 | 706 | 714|742 | 710 | 703 | 715 | 708 | 701 | 713 | 718 | 718 | 718 .| 720 !
;Dmm- of hole, 0,480,48 0,48 0,48 | 0,48 | 0,48 | 0,60 { 0,60 [ 0,60 | 0,60 | 0,25 | 0,25 | 0,25 | 0,25 | 0,25 ;
4 rm !

Rel.nozzle-target | 35,4 | 35,4 |1 35,4 | 35,4 | 35,4 | 35,4 | 28,3 | 28,3 28,3| 28,3 | 68 68 68 68 68
distance, mm ' ' '

Water flow rate,

; glsec 1,87 1,82 1,80 4,90|1,8|1,85]|2,97| 3,0 | 2,80 | 3,0 |0,519]|0,483]0,525|0,508| 0,58
‘Time of expt., sec | 31,3 | 34,0 37,0 | 46,6 50,7 | 55,0 | 42,4 | 53,0 | 80,0 | 39,0 | 63,3 | 106 | 43,3 | 40,0 38,3

"Depth of fracture, | 10 | 130 | 2190 | 1910 | 940 | 140 | 1340 | 500 | 930 | 3050 | 10 10 | 2600 | 740 | 920

pm . .
tFracture rate, 0,1 13,82[59,2|41,0)18,5{2,54|31,69,43|11,6178,2| 0,1 0,14 |60,5| 48,5/ 24,0
| um/sec . ' .

//////////
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Fig. 1. Construction of experlmental Fig. 2. Targets after tests.
apparatus.

device of the injector was opehed and steam entered the sodium. The experiment was ended upon the elapse of

" a set time or after the target had been burned right through, as indicated by an abrupt drop in pressure in the

target gap. In the experiment we determined the flow rate and temperature of the sodium, as well as the feed
time, temperature, and flow rate of the steam.

When the target was removed the depth of the fracture was measured with a micrometer. The fracture
rate W of the material was defined as the ratio of the depth of the fracture to the steam feed time. The sodium
flow velocity was found from the formula

v =40/ndz,
where Q is the mean integrated volume of sodium during the experiment and d is the diameter of the channel in

-the experimental apparatus.
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TABLE 2. _Valqe_s of the Coefficients A, B, C

; L/D

| Coefficierit

: 28,38 35,4 68
A 17,4 12,8 6,9
B 16,5 12,5 7,9
c 0,1 0,05 0

NI R
! v o ] W" G g/sec -
Fig. 3 ) Fig. 4

0 1 2 3 % v,mlsec 70

Fig, 3. Fracture rate as a function of the sodium
velocity for different diameters of the steam~de-
livery hole: Q) 0.6 mm, o) 0,48 mm, and e) 0.25
mm, .

Fig. 4. Comparison of data on the fracture rate
of 10Kh2M steel, obtained in [4] and in this paper:
O) data of (4], T=753°K, v=0.24 m/sec, L =17.5;
®) data of this paper; the solid curve represents
the relation of {4].

- The results of the experiment are given in Table 1. The steam pressure in all the tests was the same
(9.5 MPa) and the nozzle-target distance was 17 mm. Figure 2 shows targets after the experiments; the num~
bers are the numbers of the tests.

The position of the experimental points in v—~W coordinates (Fig. 3) indicates that under the conditions
of a counterflow steam generator the fracture rate of the steel depends essentially on the sodium flow velocity
and diminishes as ‘the flow velocity increases, which is consistent with the data of [6] and [8]. -

Figure 4 compares the data published in [4] on the fracture rate of 10Kh2M with the results obtained, nor-
malized to the same experimental conditions: v=0.24 m/sec, T=753°K, The values of the fracture rate for
v=0,24 m/sec are found by extrapolation (see Fig. 3) and the results are recalculated for 735°K by the formula
41 ‘

W o S0 exp{;[o,zss(ln-m) +300), : | 1)

where L is the nozzle—target distance (mm), G is the water flow rate &/sec), T is the sodium temperature (°K),
and W is the fracture rate (mm/sec). .

As follows from Fig. 4 formula (1) describes the experimental results with an error of ~20%, which con-
firms that this formula can be used under corresponding conditions for a counterflow steam generator in an
internal-flow regime. The dependence of the fracture rate of the steel on the sodium ﬂow rate can be taken into
account by correction factors in formula (1),

The experimental dependences of the fracture rate of the steel on the sodium flow velocity (see Fig, 3) in
the dimensionless coordinates v* —W* can be approximated by broken lines which are described by the following
~ equations:

v*—1
W*='1’T“ A for v*<< B ‘ , ‘ . (2)

W= for v*>B )
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As the scale we chose a sodium flow velocity of 0.24 m/sec and a fracture rate v=0,23 m/sec. The coefficients

A, B, and C for different L/D ratios (D is the diameter of the hold delivering steam) are given in Table 2. The
dependence of the coefficient A on L/D can be approx1mated by the hyperbola

A =480 (L/D)‘ : t))
Substituting formula, (3) into Eq. (2) and taking the dependence of C on L/D into account, we get

W*t=1— 0 —f;—;» . . @
W*>041 for 28<L/ID<35 '
W*>0.05 for - 35<C L/D<68 }

W*>0 for [;D>68 (5)

From Egq. .(4) and the ineduality (5) we determined W*, a correction factor that makes allowance for the depen-
dence of the fract'uxfe i'a.te of the steel on the sodium flow velocity.

Thus, the fracture rate of a 10Kh2M steel tube of a counterflow steam generator opposite the segment of
a leak in an internal-flow regime can be determined from the formula

W= W W, | 6)

where W is the fracture rate calculated from Eq. (1). Equatlon (6) approximates the experimental results with
an error of ~30%. .

On the basis of the data obtained we can make certain conclusions about the mechanism of the influence of
the sodium flow velocity on the fracture rate of the steel. From the shape of the target after the experiments
(see Fig. 2) it is not difficult to determine the distance by which the axis of the jet is displaced at the point of
intersection with the target, under the action of the sodium flow. At a sodium velocity of 2.75 m/sec and a rel~
ative distance L/D =68 this displacement of the jet axis was 4.5 mm (test No. 12), which corresponds to a devi~
ation of the axis by an angle of 13° and an elongation of the path from the site of the leak to the target from 17
to 17.6 mm. It is not very likely that in this case the mechanical energy acquired by the target would decrease
substantially, although the fracture rate in this test dropped almost to zero. Apparently, when the sodium flow
velocity increases under the conditions of a confined space the mixing of the pure sodium with the products of
the reaction in the jet intensifies and as a consequence of this the temperature of the jet and the concentration .
of reaction products in it decrease, leading to a drop in the fracture rate.
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HYDROGEN BALANCE IN THE INTOR REACTOR

V. M. Sharapov, A. E. Gorodetskii, UDC 621.039.633
A. P. Zakharov, and A. I. Pavlov

Direct experiments on the determination of hydrogen leaks through the first wall of a tokamak reactor due
to diffusion have still not been conducted up to now, and either computational data or the data of simulation ex-
Periments on hydrogen permeability under conditions of ion bombardment are used to estimate these leaks. We
have conducted such experiments using a glow discharge. A glow discharge seems to us to be a convenient
means of simul ating the interaction of a low~temperature hydrogen plasma with a metal primarily because of the
possibility of producing a plasma with a wide range of ion energies and ionic fluxes (right up to the largest ex-
pected in thermonuclear assemblies). :

The equipment layout and experimental procedure are described in [1]. The flux and ion energy were sim-
ilar to the values expected in the INTOR and were 3 x 10*® cm=2 - gec~? and 350 eV, respectively. The investi-
gations were conducted in the 300~800°C temperature range. The membrane being investigated served as the
cathode, and different brands of stainless steel were investigated [2]. Only the results for Kh18N10T stainless
steel (Type SS 304) are given in this article. : .

The temperature dependence of the flux P passing through a sample whose wall thickness is d=0.5 mm is
glven in Fig. 1 (curve 1), In the high~temperature region the activation energy of the penetration process is
14,500 cal/mole., The deviation from an exponential nature of the temperature dependence of P at low tempera-
tures is possibly associated with the effect of migratory radiation defects or the atomic component of the plasma
on the hydrogen diffusion. Similar dependences were also obtained for samples with wall thicknesses of 1 and
1.5 mm. An inverse proportionality of transmitted flux P to thickness is observed in the region in which the
exponential temperature dependence is noted,

The results of these experiments have been used to estimate the hydrogen balance in the discharge cham-~
ber of the INTRO (surface area of the discharge chamber is S=400 m?, volume V =300 m?, and stainless steel
wall thickness is 10 mm). The experimental data on permeability were scaled to a thickness of 10 mm accord-
ing to the law P~ 1/d. The duration of a discharge pulse is taken to be equal to 100 sec, and the interval between
pulses is taken as 20 sec.

Data on the amount of hydrogen which has passed through, the hydrogen content in the metal volume, the
time to establish a steady flux, and the ratio of the hydrogen which has passed through the metal to the incident
flux are given in Table 1 for different temperatures,* When the wall is in contact with the plasma (see Table
1) it was established that: '

1. The fluxes of hydrogen passing through the wall Ppass for a given thickness are approximately 10~5- '
1073 of the incident flux. . ‘ :

2. The amount of hydrogen which accumulates in the wall in the permeability regime Qt at a temperature
above 400°C depends weakly on the temperature. In this case the hydrogen concentration C in the wall depends
only on the flux of ions incident on the wall, and the amount of transmitted flux (the hydrogen permeability) is
determined by the diffusion coefficient, Therefore the lower the temperature, the smaller the hydrogen losses
are, At atemperature below 400°C the hydrogen content in the wall increases. Thus the hydrogen losses are
a minimum at 400°C,

*The values of the diffusion coefficients of ‘hydrogen in stainless steel D =0.12exp (~14,100/T) taken from [3]
are used in the calculation. '

tThe amount of hydrogen in the wall in the steady permeability regime is determined from the expression Q=
Cin/ 2(8+d) = (Ppagg *d)/2D(S* d), where Cin is the hydrogen concentration on the side of the wall in contact
with the plasma. :

Translated from Atomnaya Energiya, Vol. 56, No. 1, Pp. 29-31, January 1984, Original article submitted
April 29, 1983, ’
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TABLE 1. Data on the Hydrogen Pefmeab'ility of a Wall in Contact with a Hydrogen Plasma at
Different Temperatures (Kh18N10T stainless steel, d=10 mm, Pjpo=3 X 10% jons - cm~Z. sec™)
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300 1102 | 3,3.40- 0,008 68 85,5 0,45 3-101
400 2,65-10% 8,8.10-5 0,02 29,2 13,3 0,48 3-4012
600 3,25-1013 1,4.10-8 0,22 32 1,2 1,7 1,2-1018

*Normal conditions.

Remark. When the thickness d is changed,-these values will change as follows: the penetrat-

-ing flux ~ 1/d; the amount of hydrogen which accumulates in the wall ~d; the amount of hydro-
gen liberated from the wall in the interval between pulses does not depend on d; the time to
establish a steady regimeis ~ d*; and the hydrogen concentration inthe discharge chamber
towards the end of the interval between pulses does not depend on d.

500 500 400 350 1.°C

gzt
31+
=0t
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78-10 3
29-90% &
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13,9102
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P, atoms/{c

92 13 48 45 1,6 T/

Fig. 1. Temperature depen-
dence of the hydrogen permeabil-
ity of the stainless steel upon
ionic irradiation: 1) data of this
paper; 2-5) data of [5, 6, 4, and
9], respectively.
3. The indicated amount of hydrogen in the wall (in the permeability reg1me) is accumulated in a specified
time. Thus at 300°C this will occur after approximately 3000 pulses,

4. The amount of hydrogen Pjjp, liberated from the wall in the interval between pulses four estimate as
applied to the INTOR) will amount to
' ‘ d
Zib =I;>ass-]/'——m Stine | 1)

where tmt tint > 1 sec) are the time intervals between pulses and Ppass is the flux of penetrating hydrogen (hy~
drogen permeability).

This expression is the solution of the diffusion equation which describes the libera.tion of hydrogen with
the -following boundary and initial conditions:

ac . 92c T B
Bt Y , @
_—D%gzﬁc lemo T | | . @)
c Ppass ) i :;
(2,0 =C,=TEd. e
t 0 is the rate constant of hydrogen liberation,
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- TABLE 2. Data of the Hydrogen Permeability
of a Wall in Contact with Molecular Hydrogen*

o0 . =
o w0 .
—~ 8 =3T£ g e U g
. o |FE8E-El 2 e83,5
T oG 5] I3 9 P T et U ] - -
SRR A B o @ [0S0 BgH | 0 gy St d
E5a | BEL (SRS Esy|eBi%e 93E
= 8 E BcE |Eg EvE|ETZS8ESd®
0o o o @ |doBEl0 qﬂ‘ggumﬁg
300 |5,440-7] 4,8.1010 | 3,8.40 3,4
400 " | 3,4-10°° 41011 | 3.2.10-3 4,4
600 {3,710~ 6,5-1002 | 5,2.10-% 6,4

*The values in Table 2 are obtained by extra~ -

polation of the experimental data for 1330 Pa : )

to a pressure of 133 Pa. One should have per- - - D
formed this extrapolation to p=0.133-0.0133 Pa . - - O
(the working pressure in the chamber), ~How- - . LA T
ever, indeterminacy of the dependence of the

indicated values of pressure at p=0.133 Pa

would make such an extrapolation incorrect.

{Normal conditions.

In 20 sec the amount of hydrogen liberated at a temperature of 300°C amounts to approximately 0.7% of
the amount of hydrogen which has accumulated in the wall in the permeability regime. A value of ~5% has been
~ obtained by a similar estimate {4]. At higher temperatures this value becomes greater, and at 600°C more than

5% of the hydrogen which has penetrated during a pulse is liberated in 20 sec.

5. We have also estimated the concentration of hydrogen in the discharge chamber towards the end of the
interval between pulses. The fact that at any time the evacuation rate is equal to the liberation rate of hydrogen
from the wall, i.e., :

(AN Jdt)g o5 (AN [ty - (5)
where N is the number of molecules in the chamber volume, was an initial prerequisite, just as in [5].
The evacuation rate is
| , (@N[d)gysg Nle, - e
where o is the evacuation constant (for the operating conditions of INTOR a =1 §ec). » N
The libefation rate is | ,
(@N{dt)yyy, = Py, (S/V), : ()
and Pj;,, is determined from expression (1). ’

Then the hydrogen concentration in the discharge chamber towards the end of the interval between puises
will be ' '

N =0 @N/dt) g @ @N/dthy =aPyy (SV)=102Py (8

The values of N for different temperatures are given in Table 1. At all values of the temperature N does
not exceed the hydrogen concentration in the discharge chamber up to the starting time of the pulse.

Thus, it is clear that when the wall is in contact with a hydrogen plasma the total flow rate of hydrogen
that leaving the discharge chamber due to permeability and that accumul ating in the wall) will appreciably ex~
ceed the amount of hydrogen in the discharge chamber necessary for the occurrence of a thermonuclear reac~
tion (2 liters). :

Data on the hydrogen permeability of a sample of Kh18N10T stainless steel 10 mm thick in contact with
molecular hydrogen at a pressure of 133 Pa, recalculated, just as for Table 1, from experimental results for a
thickness of 0,5 mm, are given in Table 2. It is evident that in this case the hydrogen flow rate is appreciably
less than when the wall is in contact with the plasma. Since the hydrogen pressure in the discharge chamber of
the reactor is 0.13—0.013 Pa, the molecular hydrogen leaks at such a pressure are 103-10% times smaller than
from the plasma and will be insignificant in the overall hydrogen balance.
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Therefore, it is clear that the most obvious way of protecting the wall from saturation of hydrogen is pre-
liminary molecule formation from ions of atomic or ionized hydrogen until it comes in contact with the first wall,
One can achieve this most simply by putting a protective shield (not necessarily hermetic) in front of the wall
which bears the brunt of the ionic or atomic hydrogen flows. ‘

Either special treatment of the surface or the creation of special protective coatings can be considered as

‘alternatlve methods. In order to decrease the hydrogen permeability, it is necessary to raise the rate of reverse

liberation of hydrogen by increasing either the effective surface or the rate constant of hydrogen liberation.

In conclusion, we shall compare the data given for hydrogen permeability with similar published results.

Curves 2 and 3 constructed on the basis of calculations of the hydrogen permeablhty of the first wall made
with application of INTOR by American . [6] and German [7] scientists are also given in Fig. 1. All the data are
given for a thickness of 0.5 mm and an ionic flux j= 10'® cm? “sec™. It was assumed that P ~ 1/d and P~j,
which has been confirmed by our tests with a glow discharge. Data on hydrogen permeability at, T =300 and
500°C for curve 2 were taken from Tables 1 and 2 of [6] with an identical temperature on the inner and outer
sides of the wall, The values of P for curve 3 were calculated for temperatures of 350 and 500°C from the for-
mula P=Dg, into which the values of C from Table 3 of [7] and D from (8] are substituted. The permeability
itself was directly calculated by the authors of [7] just for 500°C (it is shown as a triangle in Fig. '1). It should
be said that previously performed calculations of hydrogen permeability by these same authors [4] give some-
what smaller values of P (curve 4), evidently due to the fact that smaller diffusion coefficients were used in the
calculation than in [6] and [7].

Comparing the dependences given, one can draw the following conclusions.

1. The data on hydrogen permeability (and the permeability of tritium) taken from various sources cor-
relate quite well, and the hydrogen permeability of the first wall can be predicted with an error of a factor of
two~three. One should stipulate that this is valid for comparatively thin walls when the temperature dlfference
between both sides is either insignificant or absent.

2, The calculation in [6] was performed for a "pure" metal surface (@ =0.5). Constants of the surface
processes (oky) also obtained after careful outgassing of the surface were used in the calcul ation of hydrogen
‘permeablhty in [7]. In our experiments with a glow discharge the samples were outgassed in advance in a vac-
uum at 500~600°C, and then they were cleaned in the course of discharge burning during the experiment. Part
of the sputtered material was again deposited onto the sample surface (i.e., the conditions were similar to those
which exist in actual tokamaks). - I '

} The comparatively small d1fference in the hydrogen permeability in all three cases shows that ev1dent1y

‘ordmary vacuum thermal conditioning of the wall surface, and all the more the use for this purpose of a gas
discharge, leads to sufficiently good cleaning of the surface, as clean as a steel surface as an engineering mate-
rial can be in general due to carbon, which is capable of emerging from the interior to the surface during opera-.
tion of the equipment.

3. In estimating the hydrogen permeability at a low temperature (below 350°C), it is necessary to be ori~
ented to the experimental results, since the weakening of the temperature dependence of hydrogen permeability
(curve 1) at low temperatures, and then possibly an independence of the temperature, has not been taken into
account in the models used in [6] and [7]. The experimental data presented in [9] (see the figure and curve 5)
indicate such a possibility. ' : S ‘
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- the dependence of the errors of the characteristics being calculated on the inaccuracy of the input parameters

EFFECT OF UNCERTAINTIES IN NEUTRON CROSS
SECTIONS ON THE CHARACTERISTICS OF A
THERMONUCLEAR REACTOR BLANKET AND SHIELD

A. 1, llyushkin, I, I, Linge, UDC 621,039,51.15
V. P, Mashkovich, V. K, Sakharov, : ‘
G, E., Shatalov, and A, V. Shikin

The transi tion from a theoretical consideration to the devel opment of conceptual designs of high-power
thermonuclear reactors requires the solution of many engineering probl ems, including the lmportant problem
of the design of the blanket and radiation shield of the magnetic system coils (MSC).

The main problems in designing the blanket and shield are determined by their functional purpose. For
the blanket it is the lifetime of tritium and plutonium, and radiation heat release. The admissible errors of the
calculation of the fundamental blanket parameters are rather small (1-3%), and cannot always be mmnta.med in
calculations.

For the MSC shield it is necessary:

. .to decrease radiation damage in ordinary conductors (e.g., the superconducting busbar stabilizer) to a
level at which their resistance is increased by no more than 1,5-2 times;

to prevent a decrease of the critical current in the superconductor (NbTi or NbySn) under neutron bom-
bardment. For Nb;Sn, for example, the admissible fluence of fast neutrons (E >0.1 MeV) should not exceed
10'® neutrons/cm?; :

to decrease the radiation damage in the electrical insulators to prevent a decrease in their resistance.
The absorbed dose in this case should not exceed 10’ Gy;

to decrease the total energy release to a few kilowatts, and to decrease the activation of structural ele-
ments of the superconducting windings.

A good.basis for the design of a thermonuclear reactor shield is provided by the experience in calculating|
and designing nuclear reactor shields. However, the structural features of a thermonuclear reactor and the spe
cific properties of the radiation source required additional research and development, including an estimate of

of the problem,

- The errors of the design characteristics of models of the blanket and shield are determined mainly by the
uncertainties in the interaction cross sections used. The uncertainties in the multigroup neutron interaction
cross sections are due to the errors in the initial nuclear data and in the approximations made in preparing the
group interaction cross sections. These errors affect the calculation of nuclear reactor shields also, but they
may be still larger in a thermonuclear reactor because of the high energy of the source neutrons, Fast neu- |
trons can undergo inelastic scattering on nuclei of most elements, (n, 2n) reactions, (, 3n) reactions, and other
threshold reactions which play a minor role in the formation of the neutron distribution in nuclear reactors. In
a thermonuclear reactor these processes determine the energy distribution of fast neutrons in the blanket and
shield, the heat release, and the extent of the radiation damage in structural materials. The errors which arise
in the preparation of group constants are due to the strong deformation of the fast neutron spectra in the blanket
and shield,

Uncertainties of the first type canbe reduced only by further cross section measurements, The determination -
of the energy range and the required degree of accuracy of the cross section measurements requires data on the

- sensitivity of the blanket and shield characteristics to variations of the interaction cross sections, This moti~
- 'vates the attention to the problem in hand {1, 2]. ‘

Translated from Atomnaya Energiya, Vol, 56, No. 1, pp. 32-36, January, 1984, Original article submitted’
December 8, 1982. '

4 : i‘ . 0038-531X/84/ 5601~0034$08.50 © 1984 Plenum Publishing Corporation
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_ In the choice of the method of cal culating the relative sensitivity functions of the design functional R of
the radiation field to variations of an input parameter x;, defined as

8RR - |
Ph (%)= g7 s 1)

preference was given to a method based on linear perturbation theory and realized in the ZAKAT program [3].
The input data for this program are the solutions of the forward and adjoint transport equations obtained with
the ROZ—-11 program [4], and files of multigroup constants. The program is based on the calculation of the
‘functions of relative sensitivity to variations of the absorption cross sections, cross sections for elastic or in-
elastic transfer from group to group, and variations of the individual harmonics of these cross sections. The
‘relative sensitivity of R to a variation of the I -th harmonic of the elastic scattering cross section of the k-th
1sotope in the geometric region Vy,, in particular, is calculated with the formula -

ivion 2 i b

Pr (Zéi;]i , y Vin) == — _;;- S S o' (ry 1) 2y ! (r) o¥(r, p)dudv +
‘l‘fm
+_1._ (pi (r) wi-d, h( 5 (e v § I=0: (2)
4nR o () Ser, o (r) @37 (1) or [=0;
m .

io 241 s rimi .

Pr (ze]_J-’; Vo) = 4;:;? S 9i (1) zcl,JZk(r) o (r)dV for  I>1.
\4

n

In addition, the ZAKAT program provides for thq cal culation of the sensitivity to variations of the characteris-
tics of the fission cross section ZbK, yi:K, and K

1
Pe (Bl V) = —HR—R' S S @' (r, w) S (M) o* (r, w) dundv;
: : 1V '

PrlOE) o, v :"—"VS X (r) (VEY gi(r) av;

‘ . | m : (3)
' Pn [(VE_(){' h’ Vm] = Pp (E}'Ihs m) +2 Pr [(’\)Zf)i' k X.j' k’ Vm]
2 .

‘and to variations of 2;{ the response function of the functional R being calculated:

1 .
\:. . . Pr (EH- Vm) == T s S (pt (]~’ H) E;i (]-, u) dp, dI/' . V— ‘ . (4)
’ 1 Vin o - '

The following notation was used in Eqs. (2-(4):¢1(r,#) and ¢*!(r,u) are, respectively, the spatial-angular neu-
tron flux density and importance of the i-th energy group; qo} (r) and ¢ fl(r.) are the ] ~th h’aronhics.bf the expan-
ionsof @i(r, p) p*i(r, 1) in Legendre polynomials; Za1 %' is the /-thharmonic of the cross section for elastic transfer -
from group i to group j during scattering on the k-th 1sotope; z%,k and v1K are, respectively, the fission cross
section and the average number of neutrons per fission of the k-th isotope in the i~th energy group; xj:k is the
fraction of fission neutrons which belong to group j. Integration of expressions of the type (2)-(4) over various
variables gives data on the sensitivity of R to variations of the partial and total cross sections of specific ele~

ments, and the macroscopic cross sections of the medium. :

The design model of the blanket and shield under study (Fig. 1) includes a first wall of stainless steel
(0.7 cm), uranium (24,7 cm) and lithium (35.0 c¢m) blankets, an iron—~water shield (110 cm), and the region of the
agnetic system coils. The uranium zone contains 27.5% natural uranium and ensures the lifetime of plutonium
(Kpy = 1.1 per source neutron), The lithium zone, filled with the eutectic Li;;Pbg;, ensures the lifetime of trit-
ium (KT~ 1.17 tritium nuclei per source neutron). Layers of moderator are distributed through the lithium
one to increase the lifetime of tritium. Because of its low density the coolant is not taken into account in the
calculatio_ns. The windings are shielded by alternating layers of stainless steel, boron steel containing 0.6 wt.%
ron, and water., The MSC zone is introduced to give a correct account of the boundary: conditions in the form
of a homogeneous region of copper and stainless steel.

‘. The characteristics of the neutron distribution at various distances from the first wall were calculated
‘ ith the ROZ~11 program in plane geometry, and with the BLANK program [5] in cylindrical geometry. The
49 group BND—49 constants [6] were used in calculations with the ROZ program, and the 52 group library of

35

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040001-7




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040001-7

@(r), neutrons/cm?-sec

9(E), neu trons/cm?-sec-unit letha
gy

1 2 XD i\70370”7? 3 47‘4 /7[5 16 17 1879. 232 OF
tons AN Lo vy,
Uraniunyel | ithium Windings shield /

IR} R /// ////j?/é/ SRS 176° ] ) o ] .

7] R 200 250 : 10t " 70° £, MeV
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Fig. 1. One~dimensional design model of thermonuclear reactor blanket and shield. Volume
composition of zones: zones 1, 3, 11, 13, 15, 17, 24) stainless steel (100%); zone 2) uranium
27.5%), iron (23.0%); zones4 and 6) iron (4.3%), Li,;Pbg, eutectic (79.0%); zones 5, 7, 9) iron
65.3%), eutectic (46.8%), calcium hydride (48.6%); zones 8 and 10) iron (2.0%), eutectic 98.0%);
zones 12, 14, 16, 18, 20, 22) water (100%); zones 19, 21, 23) boron steel (100%); zone 25) steel

- (50%), copper (50%).

. Fig, 2, a) Spatial distribution of neutron flux density at various 'energies; b) neutron spectra at
r=136 cm calculated with ROZ—11 program ( ) and with the BLANK program (~—-),

neutron constants in the energy range 0.1-14,1 MeV [7] combined with the 21 group system of constants [8] in the
energy range E > 0.1 MeV in calculations with the BLANK program. Figure 2 shows the spatial and energy dis-
‘tributions of the neutron flux density calculated with these programs, Differences in geometry were taken into
account by appropriate normalization of the results. The agreement of the calculated results is good in the ura-
nium zone and satisfactory in the lithium zone. ' '

We chose as design characteristics the lifetime coefficients of plutonium (Kpy) and tritium (Kp), which
are global characteristics of the blanket, and the fast (E > 0.1 MeV) neutron flux density at the outer boundary of
the shield (¢), We analyzed the energy dependence of the relative sensitivity of Kpy, KT, and ¢p to variations
of the following cross sections: absorption Zga), elastic (Zg] ) and inelastic (Zjn) scattering, fission Ef), and !
the total interaction cross sections of 238U, Pbﬁ 61i, Li Fe, Cr, and other components of the blanket and shield, \
and also the sensitivity of variations of the Z?'--,}I and ’& cross sections, which determine the response func-

tions of the Kp,, and K functionals. ' |

Absorption Cross Section. The values of Kpy, KT, and ¢}, are insensitive to the absorption cross sections
of all elements and nuclides except *°U and *L1; px, (ZE8) andp «,, (Z59), for example, do not exceed 0.54 |
and 0.46, respectively. An appreciable contribution to p().‘.ge) comes from the energy range in which the uncer-
tainties in zge are small (Fig. 3). Because of the increase of the capture cross section and the decrease of the!
neutron flux density with decreasing energy down to 4.65 eV, the values of p Ko (Eg_) and p xp, (EE) are approx- |
imately independent of energy in the range 4.65 eV-1 MeV. The uncertainties in Y in this range do not exceed

.4=5% [9]. The small uncertainties in Eg assume a correct account of resonance self~shielding of the cross sec~

~ tions. Since the sensitivity of Kp, to a variation of the response function is positive, and in the energy range
4.65 eV=~200 keV is larger than px,, (Eg), we can conclude that the uncertainties in the response function play
a significant role in the calculation of Kp,,. . 4
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Fig. 3. Energy dependence of relative sensitivity of K py ( ), K —=),and ¢, (...) %o
variations of the absorption cross sections of a) Fe; b) 238U; c) SLi,

' Fig. 4. Energy dependence of relative sensitivity of a) Kp, ; b) Kp; c) ¢ to variations of the
elastic and inelastic scattering cross sections of 238y Fe and Pb.
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The SLi. (n, a) T cross section is small for fast neutrons except for the 0.2-0.4 MeV group which contains
the resonance region (0.25 MeV), although even in this group it is much smaller than the total macroscopic
cross section. Neutrons in this group make up to a 5% contribution to KT, which causes a maximum of Pkp
@R); Pxy (ZR) i8 larger than Ky (B 1y over the whole energy range. Kpy, and particularly ¢}, are insensi-
tive to variations of the E%_Li cross section, :

|
I

Scattering Cross Section. Because of the complex character of the cross sections, the composition of the%
heterogeneous model of the blanket and shield, the neutron spectra, and the response functions, general rules ‘i
cannot be given for the energy dependence of the sensitivity of Kp », KT, and ¢}, to variations of the scattering |
cross sections (Fig. 4). The values of pg,, (Eis, V) and py, (Z§, Vi) in neighboring groups may differ in
sign as well as in magnitude. We note the large absolute values of Pxpy (Zis), I (Zis), and 'p¢b(2is). Analysis
of p@%ﬂtk) showed that Kpy» KT, and ¢y, are insensitive to variations of the elastic slowing down cross sectioni

. for intermediate and heavy nuclei. This is important, since these cross sections depend very strongly on the
shape of the averaging spectrum in the preparation of the group cross sections, The values of Kpy and K are
ins%gsitive to the nonzero l}g.rmonics of the scat%‘ering cross section, but ¥b is quite sensitive. Thus, for ng l
P(Zglp ¢ = 0)=-6.36; p @y, I =1)=1.31; P(Zglp ©=2)=0.57, .., p(ZEP,, ¢ =5)=0,08, The hard neutron
source spectrum makes the functionals of the neutron distribution sensitive to variations of the inelastic scat~ |
tering cross sections of uranium, lead, and, to a lesser degree, iron, The appreciable uncertainties in these
cross sections made a very large contribution to the error of the calculated values of @y KT, and Kpy. For
¢ the sensitivity to a variation of the energy distribution of neutrons after inelastic scattering is particularly
great, For Ky, except for cross sectiong for transfer from groups with energies above 10 MeV into the 0.2-0.4
MeV group in which the values of py, (Zi;j) reach(.048 and 0.065 for lead and lithium respectively, and Kpw
the energy distribution of neutrons after inelastic scattering is unimportant. .

Fission Cross Section, . More than 80% of the fissions in the hybrid blanket occur in 23U nuclei, i.e., at
neutron energies above 0.1 MeV; the function p, (ZP®U) is positive over the whole energy range (Fig. 5).
The neutron importance functions for KT and ¥} have a harder spectrum in the uranium blanket, which causes
a decrease in px,(Zf) and Pgh(Zg) for E > 1.5 MeV and their negative values for energies above 6-7 MeV (Fig.
5).. The total sensitivity of KT and K py to variations.in Zf is positive [px,,(Zf) = 1.4, Pi; (Zf) = 1.03] and neg--
ative for (pb[p¢b(2f) =—p.7], : . _ . o - : L

.Total Cross Section, Since PR €.) may have different signs for different partial cross sections %, PR

(Z¢) is insensitive. A different dependence is found for @pe Here p(Zy) is negative everywhere Iggcept er Zf
for E< 0.8 MeV, Therefore Ppb(Zt) is rather large; p¢b(2 e) =—4,68; Pqpb(zt ) =-1.63; pgpb(zt )==-1.2.

|
|
{
\
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Data on the relative sensitivity of a functional to variations of the total cross section of a specific element
and the total macroscopic cross section of the medium can be interpreted as the relative sensitivity of R to vari-
ations of the concentration of the given element or the density of the material, The latter can be used to solve
design changes. : '

The uncertainties in certain characteristics of the interaction cross sections can reach 20~30%. This
causes certain difficulties in the use of sensitivity data obtained within the framework of linear perturbation
theory. The reliability of the estimate of the variation of a functional can be increased by using an exponential
model for AR/R described in [10]. '

The sensitivity analysis performed showed the need for further research on the effect of uncertainties in
the energy and angular distributions of secondary particles — neutrons and photons — on the design characteris-
’thS of a thermonuclear reactor blanket and shield. Such studies can be based on the design systems mentioned
“above.
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SPATIAL DISTRIBUTIONS OF DOSE FIELDS
IN A-WATER ABSORBER BOMBARDED WITH HIGH-
' ENERGY NUCLEONS

A. Ya., Serov, B. S. Sychev, UDC 621.039.538
E. P. Cherevatenko, and S. V. Chernov

In order to solve a number of problems of beam therapy, in particular to determine the optimum irradia-
| tion conditions when narrow beams of high-~energy nucleons are used, it is necessary to have quantitative infor-
mation about the characteristics of the dose field in the absorber, both in the region of the beam and beyond its
‘1limits. In this paper we present some results of investigations of the laws governing the formation of the spatial
distribution of the absorbed and equivalent doses in a water absorber, irradiated with a narrow beam of neutrons
and protons. The results of cal culations are compared with the data of [1] which were obtained for a standard
‘ geometry as well as with the results of measurements in the neutron medical beam at the Laboratory of Nuclear
| Problems at the Joint Institute for Nuclear Research (JINR) {2].

Method of Calculation. In this paper we consider a cylindrical water absorber with a thickness of 30 cm
‘and a radius r,. The beam of particles is oriented perpendicularly to the end surface of the absorber. The..
cross section of the beam is a circle of radius ry and the beam axis coincides with the central axis of the cylin-
der. The particle distribution over the area of the beam cross section is assumed to be uniform., The results
of the calculations of the two-dimensional distributions have been normalized to one primary particle in the
cross-sectional area of the beam. The space—energy distribution of secondary hadrons formed as a result of

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 36-40, January, 1984. Or1gma1 article submltted
August 25, 1983,
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Fig. 1. Depth distributions of dose absorption D (1 rd=0.01 Gy) for a standard
geometry (Ep, is the energy of monoenergetic neutrons): the histogram represents

~the calculated data of [1] and the dashed curve represents the calculation of this
paper.

" Fig. 2. Spatial distribution of the absorbed dose D in water for monoenergetic
- neutrons for different values of r,

the development of an internuclear cascade in the absorber was calculated within the framework of the method
of successive collisions [3). In a cylindrical geometry the radiation field is characterized by the particle dis~
tribution function & (r, z, 6, ¥, E) which is presented in the problem under discussion in the form of a serles, i
with the first three terms of the expansion taken into account _‘

\
(D,(r 2,0, ¢, E)= E (D(") (r.z, 8, ¢, E), 1)

where @(n) @, z, 6, §, E) 18 the distribution function of particles of type i, calculated from the recurrence rela-
tion

: ¥Ymax Emax max
d)(il) (r z, e \l’! E) 2 S tge' 4o’ 5 d‘lp' S dE' S msn—l)(r:’ Z', ﬂ" ,‘p:, E;) X
' . bmin . -0 Emin min
' 3 ) d? N.‘H ’ Bi(E® , ,
<[ 30 3@ g — € mﬂmuzeEEﬂ‘@d | @)

Here i=n, p, rt 70 (ex), j=n, p, 7, 7 &) is the mass content of the k-th element €n (k)-l), Sk) (E) is the mac-
(k)
roscopic cross section of the inelastic interaction of a particle of type j with nuclei of the k-th element,

’ '{:gm (E' — E¥) is the twofold. differential distribution of particles o of type i with an energy E* which are

|
formed when partic.les of type j with an energy E! interact with a nucleus of the k~th element a is the angle be-.
tween the directions of motion of the primary (j) and secondary () particles, f i@, 2", 0, E, E*) is a function
describing the transport of a particle from the point of formation to the point of observatmn, and ﬁi(E) are the -
specific ionization energy losses by a particle of type i; for neutrons and x% mesons E* =E while for charged
particles E* is found from the relation

R, (E*) =R, (B)+ %

cosB ?

where Ri(E) is the lonization mean free path for a part1cle of type i with an energy E The limits of integration
in Eq. (2) are determined from the geometrical relations. Integration was carried out not over the whole of
phase space but only over those regions outside of which the contribution is neghgible.
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‘ The space ~energy distribution of the fluence of particles was obtained by convoluting the distribution
functions with respect to the angular variables:
Omax ‘pmax
Fi(r, 2, E)=2 S sin 0 d8 S @, (r, 2,0, ¥, E)dy. @) -
omln 0

The transition from the space—energy distribution (3) to a space distribution of the dose was effected as
follows. The total absorbed dose at any point of the absorber is determined by the sum ‘

DE ()', z)=D,,, (’.’ Z) +' Dpz (rv z) “}_ Dni: ("1 z) + Dﬂ” (T, z) +bp* (I‘, z) + Z)—h (rv z)+Dv (rv Z)1 (4)

where Dy, (T, z), Dpy(r, 2), Dgufr, z) is the dose due to the ionization stopping of the primary protons, high~

;energy secondary protons, and charged m-mesons;

Emax
Di(ri)= | Fi(r, 2 E)Bi(8)dE
Ey

L i=pl, p2, n*, . _ 5)
here E, is the minimum energy in the spectra of primary particles (E;=4 MeV), and D, (r, z) is the dose due
to electrons and positrons which are formed as a result of the development of an electron—photon shower initi~
ated by y - quanta from the decay of x0~-mesons. It was assumed that x'~mesons decay at the point of their for-
mation and as a result of the decay two y rays are emitted in the direction of motion of the #0~meson, In calcu-
lating D, 0 (r, z) we used analytic expressions for the cascade curves of the ranges of electrons in a one-dimen-~
sional geometry.

The last three terms in expression (4), Dp*(r z), Dy(r, z) and D (r, z), denote the contribution to the dose
rom low-energy secondary nucleons (@, p), heavy charged particles (d t, 3He, «), as well as elastically scat-
Eered recoil nuclei of oxygen from the water and the y rays formed in the stage when the residual excitation of
he oxygen nuclei is removed:

40 MeV Emax . .\
- Di(r,5)=3 S EaE {3 R,z Eyq© 2‘0’ (E') — (E E’)dE’, ©)
| 1 0,1"MeV Bl jon, p, 0t

where dN (ZO)/ dE is the energy spectrum of low-energy particles of type I: when i =p*the particles 7 =n, p and
when i =h=* the particles I =d, t, 3He, a;

Dy (r, 2)= Dy (r, 2) + Do (r, 2);

Emax

Do(r,)= 2 | Fione B 3 Eo ) as, -
i=n, p, nE B 3 .

here 2] (E) is the macroscopic cross section for the elastic interaction of hadrons with an: oxygen nucleus,
EO(E) is the average energy of an oxygen recoil nucleus; :
Emax
D, (r,2)— Fytr 2 Eygo S (B E, dE",
j:—.n%, nt 151 ! )n ZJ ) ' ’ .
here E,, is the energy carried from the nucleus by the ¥ rays. It was assumed that the energy of all low-en-
ergy particles and oxygen recoil nuclei are absorbed locally at the point of their formation.

The differential distributions of the cascade and low-energy particles formed in inelastic hadron-nuclear
interactions, were calculated from the approximation expressions in [4, 5].

The equivalent dose Dequiv(rv z) was calculated using the radiation quality factors determined in accord-
ance with the recommendations of [6]. For charged particles with a linear energy transfer (LET) > 3.5 keV/um
e used the recommended dependence of the quality factor on the LET of particles in water [7], The quality
actor for the oxygen recoil nucleus was taken to be 20, : .

The formalism presented above served as the basis for the computing program MEDICA which was used
o calculate the characteristics of the dose field in a water absorber,

Results of Calculation in a One~Dimensional Geometry. Figure 1 gives the depth distribution of dose ab~
sorption in an absorber irradiated with monoenergetic neutrons with an energy ranging from 60 to 3000 MeV.
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TABLE 1. Spatial Distribution of the Quality
Factor in an Absorber upon Irradiation with
& Beam of Monoenergetic Neutrons for E, =
525 MeV and ry=1 cm*

s em
r, CM
0 [ 12 18 24 30
0,1. 6,06 | 4,42 | 4,33 | 4,29 | 4,26 | 4,46
0,5 6,00 | 4,52 | 4,42 | 4,38 | 4,34 4,5
0,9 6,21 4,86 | 4,72 | 4,66 | 4,62 | 4,82
1,5 2,30 | 1,84 1,80 | 1,79 | 1.78 | 1,69
3,0 2,421 1,93 | 1,8 1 1,81 1,78 11,70
10 2,50 } 2,17 1,99 1,89 | 1,82 1,75
20 2,56 { 2,35 | 2,148 | 2,05 | 1,95 | 1,88
40 2,74 1 2,62 1 2,50 | 2,39 | 2,28 | 2,20
K (z2) 4,62 | 3,00 | 2,72 | 2,59 | 2,50 | 2,44

*K (¢ 2) =DF"(x, 2)/Dy(r, 2); K(z) =
D%ng. (z2)/Dx(2)..
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Fig. 3. Depth distributions of the absorbed dose and its components in the zone of a

beam of neutrons generated from a beryllium target by neutrons.

Fig, 4. Radial distributidns of the absorbed dose at different depths of the phantom

-and for different z: ———) experiment; -
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) calculation in this paper.

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040001-7




e |
Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040001-7

The results of our calculations are compared with the data of [1], which were obtained for a standard geometry
(a wide beam of monodirectional radiation with a particular energy falls perpendicularly onto a phantom in the
form of a semiinfinite layer 30 cm thick). Our calculation was carried out for absorber radii r, of up to 40 cm.
As shown by the calculation, a further increase in the absorber radius does not result in any major change in
the depth distributions (the contribution to the depth distribution from the peripheral region with a radius ry
ranging from 30 to 40 cm amounts to about 3%).

The depth distributions of the absorbed dose are in satisfactory agreement with each other. The equiv~
alent doses calculated by this method are 15~30% lower than those cal culated in [1]. This difference is appar-
ently due to the fact that in [1] the guality factor was taken to be 20 for all heavy low~energy partlcles regard-
less of their energies.

The results of our calcul ations for primary protons with an energy of 400—3000 MeV differ from the data
of [1] by no more than in the case of primary neutrons (see Fig. 1).

Comparison of the depth distributions of the absorbed dose of neutrons (E =10 GeV) with the data of [8, 9]
shows that the depth distributions obtained in this paper are substantially closer to the results of the calcula~
tion in [9], the difference being no more than 25%.

Results of Calculation for Two~Dimensional Geometry. Figure 2 and Table 1 present data which charac-
terize the spatial distribution of the absorbed dose and the quality factor for neutrons with E, =525 MeV at a
beam radius ry=1 cm. I is seen that the shape of the depth distributions depends essentially on the coordinate
r (the distance from the beam axis). Thus, the distribution in the zone of the beam is characterized by a maxi-
mum at a depth of ~6 cm while at a radius r =10 e¢m the maximum dose is attained at a depthof 30 cm. As fol-
Iows from Table 1, the value of the quality factor varies over the volume of the absorber from 6.21 to 1.69, this
being a consequence of the nonuniformity of the spatial distribution of the absorbed a.nd equivalent dose compo-
nents,

For primary protons with E =1000 MeV and r;=0.564 cm we have obtained data characterizing the distri-
bution of the absorbed and equivalent dose due to the primary and secondary radiation at a2 depth 2=12 cm of a
water absorber. It was established that in the zone of the beam the dose due to the secondary radiation is ~16%
of the total absorbed dose and ~45% of the total equivalent dose.

Comparison with Experimental Results. The calculated data, given in Figs. 3 and 4, were obtained for
the specific geometry of the experiment in [2]: A water phantom was irradiated with a beam (r; =5 cm) of neu-
trons generated in a beryllium target with a thickness of 36 cm under the action of protons with E =645 MeV.
In the calculation we used data on the energy spectrum of the neutrons produced [2] and the measured neutron
flux density at the front face of the absorber, normalized to a unit neutron fluence with the assumption of a uni-
form distribution of particles over the area of the beam.

Figure 3 presents the calculated data on the depth distribution of the absorbed dose and its components in
the zone of the beam (r=1 cm). H is seen that the main contribution to the dose comes from cascade protons
and low-energy heavy particles. Comparison of the calculated and experimental data on the radial distribution
of the absorbed dose for six values of the depth (see Fig. 4) shows satisfactory agreement with respect to both
the shape and absolute value.

Principal Results. On the basis of the method of successive collisions, a method has been developed for
the numerical calculation of two-dimensional spatial distributions of the dose of radiation in a water phantom,
bombarded with a beam of nucleons with an energy ranging from 0.05 to 10 GeV. The method of calculation has
been realized in the form of the computing program MEDICA. The results obtained are in satisfactory agree-
ment (+20%) with published calculated data for the conditions of a standard geometry and with experimental
data for a neutron beam of finite size., A detailed description of the acting energy spectra of charged particles
makes it possible, using the recommended values of the quality factor, to calculate the equivalent dose of radi~-
ation. The method developed can be effective and informative for the cal culation of microdosimetric distribu~
tions as well as in problems of predicting radiation conditions in beam therapy, if use is made of the correspond-
ing dependences of the coefficient of relative biological effectiveness on the form of the particles and their linear
energy transfer.
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FUSED SILICA IN IONIZING~RADIATION DOSIMETRY

R. R. Gulamova, N. A. Kasimov, UDC 539.12.03
~and M. I. Muninov '

Existing solid-state dosimeters, in particular ones based on glasses, measure absorbed dose in the main
up to 108 rad (1 rad=0.01 Gy) [1-3]. It is necessary to extend the range to 10%-10° rad for engineering dosimetr
and materials sciences researches. For this purpose we have previously examined the optical characteristics
of various grades of fused silica and have considered the scope for using them for the dosimetry of v rays,

Y ~neutron radiation, and protons [4-7). The present paper deals with the dosimetric characteristics and appli-
cations of dosimeters based on fused quartz.

The specimens were irradiated with $°Co v rays with a system at the Institute of Nuclear Physics, Acad-
emy of Sciences of the Uzbek SSR, at dose rates of 30~4000 R/sec (1 R=2.58x 10~* cw/ kg), on a VVR~-SM reac-.
tor at neutron flux densities of 1.8 X 102<3 x 10'® ¢m~2 -sec™!, and with the proton beam from a U~150—11 cyclo~
tronzextracited into the atmosphere having a particle energy of 10~20 MeV at flux densities of 6 X 10°-3 x10!1
cm™“ gec™t,

The induced absorption spectra were measured for electrically fused silica type KI, and also for gas~fuse:
types KV and KU—2, as well as vapor synthetic silica KU—1, which showed that the form of the radiation did not
alter the general picture. The y rays, mixed reactor radiation, and proton beams produced induced bands at
wavelengths of 215, 240, 300, and 500 nm, whose positions and internsities were dependent on the grade of the silica
and the amounts of impurities [1~4]. The impurity levels were determined by neutron activation and are given
in Table 1.

The dosimetric parameter was taken as the change in optical density at 550 nm as referred to unit thick~
ness for KI fused quartz or at 215 nm for KV, KU-2, and KU~1. . It was found that ¥ rays produced absorption in
KI silica at 550 nm whose intensity increased monotonically with the dose and tended to saturation at 10—30 Mra:
which is characteristic of impurity centers (Fig. 1).

A similar dependence of the optical density at 550 nm on the sbsorbed energy was observed with the mixed
reactor radiation and the proton beam (Fig. 1). The optical density at 550 nm increased with the neutron and
proton doses and attained saturation at fluences of about 10'® neutrons/cm? or 10! proton /cm? correspondingly.
The kinetic curves for the accumulation and annealing of the color centers produced by ¢Co y rays and mixed
reactor radiation showed that the rates of formation and thermal bleaching were the same in the two cases. The
induced absorption at 550 nm observed at fluences less than 10!6 neutrons/cm? is due to the y component of the
reactor radiation [7].

The optical density of KI silica acted on by protons (E,=20 MeV) agreed with the analogous values for
specimens irradiated by v rays with an error of 30% (Fig. 1). Exposure to protons with E,, < 10 MeV re-
sulted in a certain reduction in the effectiveness of color-center formation at 550 nm by comparison with y rays
evidently because of the increased proton concentration in small volumes on account of the short particle range

~ and suppression of the color-center formation at 550 nm [2]. :

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 40-43, January, 1984, Original article submitted
April 13, 1983; revision submitted July 25, 1983,
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TABLE 1. Impurity Contents of Fused Silica
Specimens, Mass % .

"Grade® ~ Na K c OH
KI: ’ S
a 1,6-10-2 3.10-1 — —

b 1,6-10~3 6-10-2 — —

c . 2,510-3 |  3,7-10-2 — —
KV (0,3 —13)-10~4 }(2.— 6)-10-8 — 0,02
KU-1 }0,3 —12)-10~4 | ~10-8 ~104 | 0,10 .

1

*a) KI fused silica melted from synthetic
quartz; b) KI fused silica melted from Brazil-
ian quartz; c) KI fused silica melted from
Volynia quartz.
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Fig. 1. Reduced optical density Ad/T at 550 nm for KI fused silica made from synthetic
quartz (1), Brazilian quartz (2), and Volynia quartz (3) in relation to absorbed dose and
fluence F; 8, O, and A ) %Co vy radiation; X) protons with Ep—20 MeV; A) y-neutron
reactor radlatlon. -

Fig. 2. Dependence of the reduced optical density Ad/r for the following grades of fused .
silica: KV (O), KU—2 (e), and KU-1 ( v ) at 215 nm as a function of absorbed dose D of
89Co y radiation (dose rate 3300 R/sec).

The optical density at 215 nm also increases with the absorbed energy for the bhydrogen~bearing silicas
KV KU=2, and KU-1, but the rates of accumulation in these differ in the various dose ranges (Figs. 2 and 3).
‘The curves relating the optical density to the absorbed dose showed kinks with the y rays and neutrons. It is
likely that the color centers are produced in the initial stages of irradiation at the sites of defects in the initial
isilica, while in the later stages (at does of 5X 10’-10% rad of fluences of >1016 neutrons/cm?) a contribution is.
made by defects of radiation origin [8, 9].

There was a more rapid increase in the optical den81ty at 215 nm as the neutron fluence increased in 'y-
neutron irradiation, and there was no saturation region on the dose curve such as is characteristic of y~irradi~
‘ated specimens, which indicates that the induced absorption of reactor irradiation is possibly more dependent on
the neutrons. The ultraviolet absorption spectra produced by y rays and protons show optical densities at 215
nm produced by protons as being higher than those from v irradiation at the same dose, which is due to the more
effective formation of structural defects, which are responsible for absorption in the C bank, when protons are
used. Therefore, when KV silica is used to determine absorbed proton energy, it is necessary to perform a pre-~
liminary calibration by means of standard dosimeters.

. The mixture composition and method of melting the silica influence the magnitude and dose dependence of
the absorption. The KI silica was the most radiation~sensitive, and therefore the fused silica promising for use
in dosimeters is that made from Volynia quartz, which has high contents of Na and K butno hydroxyl (Fig. 1).
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TABLE 2, Reduced Optical Density of Fused

Wave- rate Optical
Grade lensth’ g,o::c ate, Dose, rad den“ty E !
nm - .
— |
KL 680 30 107 0,80 .
600 0,79 |
1800 . 0,79 |
' 4000 0,79 |
KV 245 80 5.408 0,50 |
. 600 0,54 |
4000 . 0,50
1700 ‘ 0,52 .
: ) 4200 0,50
KU=1| 9245 80 8,8.107 0,40
, ' 600 , 0,60 |
1700 0,50
4200 051 |

*The KI specimens were ;nade from Volynia
quartz,

TABLE 3, Reduced Optical Densities of KI
Fused Silica at 550 nm for Various Irradiation
Temperatures with a Dose Rate of 1000 R/sec

" Dose, Irradiation temp., °C
" rad -
40 70 100 120 . 150
10¢ 0,21 0,22 0,22 . 0,21 0,24
100 | 0,78 0,73 0,73 0,75 0,72
5 J, rad :
1390 13100 ay10? . g1t
T AL | L A E R 1§ L v'rvvr4
g O6F
v
§ ) .
N ¥]
0’ gl ”_A 3 Fen | 1
. 1% 7] od I fm I Ll Lokl
B A (A 70 Fem 0 707 10* 10’ 0‘ J, rad
Fig. 3§ Fig, 4

Fig. 3. Dependence of the reduced optical density Ad/r for the following grades of fused
silica: KV (O), and KU~1 (@) of the fluence F of mixed y —n radiation at neutron flux density
of 1.8 % 10'3 neutrons/om? * sec,

Fig. 4. Dgpendenee of the intensity of the thermoluminescenee peak at 110-140°C on the
absorbed ""Co vy ~ray energy at a dose rate of 1000 R/sec for fused silica KI () and KV (O),

To extend the absorbed~-dose range to 10% rad, we examined the thermoluminescence of KI, KV, and KU~1
specimens, The intensities from KI and KV in the range 10°-10° rad were in proportion to the absorbed dose
(Fig. 4).

It was found that there was no effect on the color~center formation rate, at least as regards the absorption
at 215 and 550 nm (Tables 2 and 3), on varying the dose rate between 30 and 4000 R/sec, and the flux densities
between 1,8 x 10* and 3 x 10!8 neutrons /em? « sec or from 6 x 10° to 3x 101! protons/ cm?. « sec, and the same applies
for irradiation temperatures between 40 and 150°C, There is no postirradiation effect over a period of 6 months
for KI, while KV and KU~1 showed a slight reduction in the optical density in the first day (about 7%), with no
- change on further storage. The KI specimens were. annealed completely in an hour at 450°C, but KV and KU~1

required 900°C
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We also consider the scope for using the dosimeters repeatedly. It was found that the reproducibility in
reuse after annealing was better than £8%. :

This reproducibility was obtained in repeated experiments, and it is reliable and does not conflict with the
physical nature of the phenomena. The model has been formulated for the formation of E! centers responsible
for the absorption in the 215-nm band in KV and KU1 specimens [10]. The dosimetric reproducibility given
here relates to the high-dose region (over 5 X 107-_,-108 rad), where the main mechanism producing E' centers is
the breakage of regular =Si—O—Si= bonds. The formation of E' centers by the breakage of =8i—H and =Si—Cl
bonds is important at lower doses, with the corresponding changes in the numbers of color centers after heat
treatment. In this dose range, the increase in the number of color centers on repeat irradiation after heat treat-.

| ment at 900°C is not considerable at 8% on account of the removal of gaseous impurities. These conclusions are
confirmed by the infrared spectra and the annealing kinetics for various dose ranges.

The results show that fused silica of grades KI, KV, and KU-l can be used for y-ray dosimetry in the -
range 5% 10°-10° rad, Absorbed y-ray doses in the range 10°-10° rad can be measured from the proportional
change in the intensity of the thermoluminescence. Dosimeters based on KI and KV materials can also be used
to determine absorbed proton energy at fluences of 10''-10' proton/cm?. The dependence of the induced optical
density on the absorbed energy for vy rays is the same as that for neutrons, and KI silica gives a satisfactory

‘basic dosimeter parameter, so this material may be used in determining the y component of reactor radiation.-

‘ These studies have yielded a thermally stable wide~range y-ray dosimeter based on KI fused silica maide_‘
from quartz from the Volynia deposit. This dosimeter is simple and reliable in use and can store the data over
a prolonged period, and it can also be reused. The following are the basic characberlstics of this dosimeter:

1) the dosimeter is made as a plane-parallel plai:e of size 10X 10X 1 mm;

2) the absorbed y~ray energy in the range 10%.10° rad can be measured from the intensity of the thermo- -
luminescence peak at 110—140°C, while in the range 5x 10°-2 ¢ 10° rad 1t can be determined from the induced
optical density at 550 nm;

3) the readings are stable over the dose-rate range' 30-4000 R/sec at working temperatures of 40.150°C;
4) the dosimetric information is retained for 6 months; '

5) the dosimeters are suitable for reuse after annealing at 450 +10°C for 1 h. The agreement between the
results on reuse is better than 6% with a probability of 0.95; and

6) the relative error in measuring the absorbed dose is +8% with proba.bility 0 95

This dosimeter based on KI fused silica has undergone preliminary certification at the All Union Techni-
cal Physics and Electronics Research Institute; metrological tests made on the detector with standard eqmp—

ments at the Institute have shown that it corresponds to the standardized characteristics laid down by GOST
1554681,
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AN APPLICATION PACKAGE FOR PROCESSING
AND ANALYZING DATA ON THE ENVIRONMENT
AND POPULATION HEALTH

E. I. Vorob'ev, V. A, Kornelyuk, UDC 339
A. S. Kuz'menko, V. Yu. Reznichenko,
and V. L., Shestopalov

A large data volume has to be processed in monitoring the state of the environment and the health of the
population in regions where fuel and power systems exist, in particular nuclear power stations. It is necessary
to examine inhomogeneous objects of complex structure and the dynamics of stochastic and nonlinear processes,
The specific features of the objects and processes make it difficult to establish regularities and tendencies even
if the necessary information is available. The corresponding calculations require powerful software based on
the latest data-analysis methods. Therefore, the monitoring system should be based on a set of facilities that
realize particularly the methods of statistical data analysis [1]. '

The detailed objects subject to monitoring may vary in accordance with the features of the region, but the
structures and processing methods have much in common. '

In the design of the corresponding software, it is necessary to choose between creating novel software wel]
adapted to particular conditions in the form of an applications package AP and adaptation of a certain universal
AP less adapted to the conditions of a particular task. One of the purposes of this study is to show that the sec~
ond approach is promising, and it substantially reduces the development costs while improving the performance,

~ Choice of AP Type. We consider the general specifications for the software for processing data on the
state of the environment and public health. All existing data~-processing packages can be classified into three
groups [2].

Firstly, there are sets of modules to realize the operations and procedures encountered frequently. These

are designed to enable the researcher to draw up his own processing programs for the particular situation. A
typical representative is the SSP package (Sclentific Subroutine Package) (3], which implements not only statis~
tical-analysis methods but also many methods in applied mathematics. All the same, SSP lacks special methods
and ones frequently necessary: Economical analysis and the principal-component method arelacking, while vari-
. ance analysis is weakly represented, there is no nonlinear least-squares method, and there are no subroutines
for oblique~angle rotation or factor analysis, etc. Also, strict specifications are laid down for the data, for ex-
ample the conditioning of matrices, which cannot always be satisfied.

The second group is represented by packages constituting software libraries for a large number of defi~
nite cases typical in a particular subject. These include the packages in the BMD series (Bio~Medical Data) [4].

Finally, we have the third group in the form of combined packages, which are software systems providing
comprehensive and multipurpose data analysis usually in a narrow area, such as one where almost all cases can
be envisaged. A typical representative is the processing package appearing in the Sensor system for alternating

. biomedical experiments,

These groups represent various degrees of compromise between the desire to ease the work of the re- \
searcher and to provide the effective control over the processing. The groups differ in the requirements im-
posed on the user, the range of possible uses, and the modification simplicity (Table 1).

The means of analysis selected shbuld satisfy the following requirements:

1) completeness: all basic processing methods should be available that are required inenvironmental and
population-health monitoring; ’

2) independence: the AP should be usable directly in the operating system without the need for program-~
ming in a high-~level language.

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 43-47, January, 1984, Original article submitted
October 4, 1983, : ‘
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TABLE 1. Characteristics of the Main Types of
Data-Processing Package

. Typi- |[User requirements Scope
Package | calrep- (apart from knowl} yee for ex -
type ' resenta-| edge of content “| tension

-] tive and instructions) - )
Setof [gsp High: elementary Very Realiz-
program ' conception ofthd  wide able by
modules operating sys- user

tem and ability
' to program in
high level 1an-

guages
(FORTRAN, PL/1
and ALGOL)
Library |BMD Mediutm: ele- meiy Re;iizl;
mentary con- wide able
programs ception of oper- writery
ation system
£
Com- Sensor !Low . Narrow | Not
binable. realiz-
programs ) able

3) modularity: the structure should be modular and enable one to extend the package with new algorithms;

4) scope of composition: it should be possible to construct statistical-analysis algorithms by using com-
. binations of various programs in a single computer job; and

| 5) intelligence: it should be possible to work in interactive mode and to control the data analysis at any
stage in order to introduce modifications, and also to define an optimum strategy for obtaining a significant re~ -
sult under conditions of uncertainty over the initial data model. This includes specifications for editing the data

and clear-cut result presentation. : A

’ It should be borne in mind that the package éhould be suitable for transfer to computers of standard con- .
figuration of the usual types (for example, the unified series).

I

; Choice of Basic AP, We selected the BMD package, which in our opinion satisfies the above requirements.
"We also took into account the experience in creating the BMDP package, whose main difference from BMD lies

in the organization of the job-control language. BMD uses a fixed specification format, whereas a more flexible -
facility was developed for BMDP: an English-based control language, which naturally led to other differences.

BMDP contains some forms of analysis not included in BMD, such as cluster analysis, reverse step re~
gression, reverse discriminant analysis, variance analysis for repeated measurements, analysis of multidimen-~
sional frequency tables, analysis of models for processing omitted values, and a general mixed variance model.
Also, certain programs have been modified: More correct statistical estimators have been included, partial cor-
relations and multidimensional regressions are calculated, and the scope for data transgeneration has been ex-
tended. The results obtained with one BMDP program can be stored for subsequent analysis by others.

Many users prefer to work with a fixed specification format and avoid the effort involved in studying the
control language. From the viewpoint of rapidly changing tasks in the monitoring system, the main advantage
of BMD in our view is that the package allows simple development and extension.

We concluded that it is both possible and desirable to use BMD and BMDP to set up a standard package
known as Angara on the basis of experimental operation of these packages for the above purposes, and also from
a study of other packages used in this area.

The task of the Angara package is to supply those carrying out environmental monitoring and conservation
with standard means of data processing applicable to regions where there are large areas of industry, nuclear
power stations, and extensive economic activity. Particular attention was given to identifying the commonest of
tasks and incorporating their features into the AP structure. We also standardized the procedures for operating
with the AP on the basis of the specifications and facilities elsewhere in the monitoring system. This is gov-
erned by the variety of users as regards jobs and level of training. '
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The Angara package was constructed by supplementing and upgrading existing facilities as required in
this area (including some that were lacking) while abandoning ones largely unused or i{rrelevant.

The BMD facilities as regards preliminary analysis were indicated by the authors' experience as being
exhaustive and were partially incorporated into the Angara package.

Correlation Analysis. A researcher often needs to analyze the informativeness of the initial system of
parameters and to transfer to a new system of smaller dimensions (data compression). This can be handled by
programs that implement component analysis. It is also possible to perform regression analysis on the princi~
pal components and the dependent variables. A finer tool for analyzing system informativeness is factor anal-
ysis, which is a method in multidimensional statistics and also has heuristic features, The corresponding sec~
tion of BMD was substantially altered on the basis of the significance and effectiveness of factor analysis, New
methods were introduced for seeking a factor solution, determining statistical criteria for the quality of the facH
tor solution, and also service facilities for representing the results as graphs and histograms. In developing
the package, it was frequently necessary to select the best from several programs intended for the same pur-
poses. As an example of program choice for the Angara package, we consider the choice of facilities for real~
izing factor analysis (FAN), '

We set up the program MODEL, whose output is a matrix for the initial data with a preselected internal
structure and which includes a given number of variables, factors, and the correlations between them. We com~
pared the standard FAN program set from the SSP, the BMD08M program, and the F1 program written at
Kharkov Technical Physics Institute.

The study enabled us to objectivize the choice of the optimum program. As a result, the Angara package
included a hybrid suite combining the best features of the initial programs, This is provided by the BMD0O8M
program with the addition of the necessary criteria from F1. '

Model Construction. Experience with complicated systems has shown that one cannot construct models
on the basis of apriori arguments alone. System identification involves refining theoretical models by means of
experimental data. Regression analysis is a classical identification method. In BMD, this is represented by
seven programs to realize stepwise linear regression, nonlinear least squares (this program has means of off-
setting the effects of singularities that may arise), polynomial regression, harmonic regression enabling one to
use up to nine harmonics, and a linear model with a selection of regressor combinations. At user request, al-
most all the programs enable one to use a plotter to provide graphs for the theoretical and experimental values.

In the Angara package, the identification methods provided in BMD are supplemented with stochastic ap~

proximation, gradient methods, and identification methods based on differential equations. |

Identification methods that have become classical presuppose that the system structure is given, whereas
problems related to the management of complicated systems do not always enable one to suggest a system struc-
- ture as a relationship between the measured parameters (environmental monitoring and so on is undoubtedly of
this class). In that case, one may reasonably use methods of synthesis and selection (self~organization) in re-
gression models, which is known as the argument grouping method AGM 5], which has been found to be applica~
ble to ecological systems. . :

The AGM programs and-algorithms are used in short-, medium~, and long~range forecasts, system struc~
ture identification, pattern recognition, and defining control strategy optimum on a given criterion,

The AGM programs have been included with modifications and improvements in the Angara package. The
standard AGM algorithms have been supplemented by introducing stepwise regression and principal-component
methods (in the synthesis process), The latter increases the stability in the computational scheme by the use of
orthogonal arguments and enables one to discard largely uninformative arguments and reduces the computation
time. ' : '

Cases are common in ecology where the characteristics change stepwise for certain values of the environ-
mental parameters [6]. The classical example is provided by the numbers of a species in relation to the con~
ditions of life.

In an environmental -monitoring system, itis necessary to envisage qualitative model analysis for stability,
. particularly structural stability. Numerical methods from catastrophy theory have been introduced into the

Angara package and enable one to evaluate the approximation by means of polynomials (the topic is particularly |
important when AGM is used) and also to define bifurcation sets and so on. ,
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- Processing Expert Evaluations. Our experience has shown that the facilities of the BMD package as re-
gards classifications and pattern recognition do not correspond to the requirements for an environmental mon-
itoring system. In the existing form of the Angara package, this is not completely handled. In the main we used
programs from the BMD series. The deficiency was eliminated partly by including means of processing expert
evaluations in the Angara package (ranking, direct evaluation, pair and serial comparison). For this purpose
we used software devised at Kharkov Technical Physics Institute and elsewhere. To provide clarity in repre-

" senting the results, they system was designed for operation with the Grafor suite, which enables one to use a
_standard plotter to generate histograms and graphs. The package is mobile and transportable, so it can be used

1

L]

in centers having ES or BESM—6 computers.

Time-Series Analysis. During the experimental operation of the Angara package, it was considered to be
relatively important to be able to analyze time series, on account of the increasing importance of the chrono-
biological approach in environmental monitoring.

Programs taken from BMD were used in analyzing time series and their correlations. These programs
extract harmonic components, evaluate frequency response, generate autocorrelation and cross~correlation - -
spectra, and analyze response functions. The Angara package also has means of determining desynchronism
(particularly for Circadian biorhythms). Provision was also made for including the effects of desynchronism
arising from low~frequency biorhythms (for example, selenorhythms), although these lack theoretical basis.
This enables one to improve the homogeneity of the sample considerably.

Special Programs. Programs for special purposes in data analysis required substantial changes. Those
in BMD are designed for classical biological and biomedical treatments., In environmental monitoring, it is
particularly important to have special programs for identifying the states of individual body systems, including
ones for automating the processing of functional-diagnosis parameters such as a program for processing a
heart rhythm that evaluates the harmonic series of R—R intervals by means of the autocorrelation function, the.
Hemming spectral estimator, a program for pulse processing, and similar ones for other harmonic processes.

The special programs include methods of processing biochemica.l, immunobiological, and chemical anal-

ysis data, as well as means of processing ECG and other automatically recorded curves.

Experience in Use. The Angara package was evaluated during a major biomedical experiment having the
purpose of evaluating the changes in state of health for clinically healthy people as bioindicators for slight
changes in the environment. A central problem was to select features reflecting the state of health, -

_ In the experiment, each of 500 volunteers recorded a large set of parameters (abdut 300 including derived
ones) corresponding to the specifications of the World Health Organization for routine medical examination of
the population: informativeness, availability, comfort, carrying capacity, automation, and ease. The analysis

" revealed 45 parameters (19 methods) as being most informative as reflecting the state of clinically healthy peo-
: ple. These were used in another biomedical experiment and were subject to further refinement as experience

[«
.

Cﬂl#.CDNl—l

accumulated,

Discussion of these results falls outside the scope of this paper, but the fact that some impbrtant practi-
cal problems were resolved during it means that the evaluation of the Angara package is good.

The main current problem is to accumulate experience in using these facilities in various areas of re-
search on the environment and population health, and also to formulate individual programs and supplements in
the form of a package corresponding to the current requirements.
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RADIONUCLIDE DEFLATION EFFECTS
IN A CONTAMINATED LOCALITY WITH INTERMITTENT
AND STEADY-STATE DISCHARGES INTO THE ATMOSPHERE

K. P, Makhon'ko : ‘ UDC 551.510,72:551.515.3

If a contaminated zone {s formed in a locality by radionuclide discharge into the atmosphere, this zone
may afterwards be a secondary source of contamination of the atmosphere as a result of wind deflation of the
radionuclides [1]. The concentration of radioactive dust qy raised by the wind from the surface of the soil is
proportional to the radioactive contamination density A:

Qa.=kaA~ . . - (1)

where kg, is the deflation coefficient. In the present case, the radioactive dust consists of particles of soil bear
ing the radionuclides, so qy can be represented as the product of the mass concentration of soil dust in the air
C by the bulk concentration of the radionuclide in the surface dust layer & [2]. Then from (1)

} ke=Cnldp, ' (2)
where p.is the density of the surface soil layer. |

We consider the consequences of a single radionuclide discharge into the atmosphere. At the start, all
the radionuclides are localized at the soil surface in the contaminated zone and & =A/! (I is the effective thick-
ness of the surface dust layer). We substitute for & into (2) and use (1) to get a formula for the experimental
determination of 7: o y :

1=CAjgep (t=0). 3)

As C and g are integral characteristics of the locality as a whole, I also characterizes the locality as
a whole, which may include zones with. different surfaces. As time passes, the radionuclides migrate from the
surface into the soil, which reduces the concentration in the surface dust layer of thickness . For most soils
in their natural state, one can use a linear relationship for the effective diffusion coefficient as a function of
depth in the surface layer of 20~30 cm, which enables one to determine the concentration profile n(x) after a
single contamination episode by means of the expression from [3] and to transform (2) to

i x

= ce ve ' g .
| b = T ool ] 5 e @
Here t is time, v =v /v, is the ratio of the linear downward rate of radionuclide transport to the diffusion rate,
A is the radloactive decay constant, and I'(1 + ») is the gamma function. In the particular cases of v =0 (heavy
soils or the absence of precipitation) and ¥ =1 (light soils, through flow), the deflation coefficient can be express-
ed in analytic form: ’ ' ‘

/f¢=£:—;-(1-—e-—"'7') v=0; . ®)
‘ __Ce'“ 1 -_l.?
ka" pl [1 - (1 +U—Dt.)e *p ] v=1, . (6)

Figure 1 shows the variation in deflation coefficient for Sr over time as calculated from (4)=(6) for val-"
ues of v, vpy, and C~30 ug/m3, p~1 g/em? 1 ~ 0.5 cm typical for undisturbed soils in the central belt of the
USSR. The values of ky decrease with time on light soils (v ~ 1) more rapidly than for heavy ones (v % 0), and
for light soils or for comparatively large vp the kq(t) dependence can be approximated satisfactorily by a sim-

- ple function of the form kqy = atP, " The results for kqy coincide as regards order of magnitude with the value of

Translated from Atomnaya Energiyé; Vol, 56, No. 1, pp. 47-50, January, 1984. Original article submitted
March 24, 1983, o '
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Fig. 1. Variation in deflation coefficient for ¥Sr over time after a single pollution acci- -
dent (a) and in the neighborhood of a stationary radionuclide discharge source b): Ng/Nk
is the ratio of the aerosol contamination of the grass to the root contamination, while
Dy/Dx is the ratio of the internal irradiation dose (via food chains) due to aerial and root

entry to the plant.

3x 10‘12 cm"‘1 established for the deflation of 2**?3*py from desert soils in the nuclear test zone in Nevada (USA)
20 years after the area was contaminated [4]. :
So far it has been assumed that there are no plowed areas in the contaminated zone. During plowing, the

upper contaminated layer is mixed to the depth H of the plowing. If the radionuclides have not penetrated deeply,
then T=A/H in (2), and the deflation coefficient is independent of time in the plowed parts: E .

k= C/Hp. T )

For alocality containing plowed and virgin lands, the mean value of the deflation coeffi'cient niay be deter=-
mined to a first approximation as the weighted mean: .

Ea:kgp+ka (1_[))’ (8)
where p is the proportion of plowed land.

Figure 1a shows howT{a varies with p for vp =0.5 cm/year, v =0, and H=20 cm [3], It is clear that in the
early years after the formation of a contaminated zone in a region where nearly all the land is plowed, even
a small proportion of unplowed areas (1—p =1-5%) can produce a marked increase in the atmospheric con-
tamination, since ky increases by an order of magnitude or so.

The radionuclides enter the plants in the contaminated zone through the roots from the soil and through the
leaf surfaces by the deposition of aerosols raised by the wind. We compare the radionuclide concentration due
to the entry into the plants from the air Ny arising from the deflation effect with the concentration Nk =Ka4,
where K is an empirical coefficient for the accumulation of the nuclide by the plants from the soil. We use an
expression from [5] for N, to get

Neg Rbg'c ’
| o L ®)
where R is the aerosol plant contamination coefficiént Vg is the effective rate of turbulent aerosol deposition;

. and 7 is the length of the growing period during which the radioactive dust deposits on the plants. Here we have
" used the relation a = kg vy between kg and the parameters of the wind dust uptake from the surface @ and vy,

which we have used previously [1].

53

Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040001-7




Declassified and Approved For Release 2013/09/14 : CIA-RDP10-02196R000300040001-7

Figure la gives values of No/NK calculated from (9) for natural hay fields in the middle belt of the USSR
with the typical values of R=20 cm?/ g for air-dry hay, K=2 % 10™2cm?/ g for air-dry hay, and T =2 months; we
take vg = 2 cm/sec for the central part of the contaminated zone [6], This shows that aerosol contamination of
grasses substantially influences the entry of the radionuclides into'the plants during the first few years after
the formation of the contaminated zone. On the other hand (Fig. 1a), if the unplowed erea after the formation
of the contaminated zone is <5-10%, one can virtually neglect the aerosol contamination of the plants within a
year. The radiation dose received from radionuclides entering the body via food chains is proportional to the
concentrations of them in the initial product, which in the present case is the grass, so the ratio No/Ng is
equal to the ratio of the internal~irradiation dose due to aerosol contamination of the plants to the irradiation
dose due to root contamination Dy/Dy.

If there is a single discharge to the atmosphere, the dose from internal irradiation (from inhalation) is

proportional to the time integral of the radionuclide concentration in the air:
t

D, =B, 5 q(8)@0=Byy’, Qo)
)

where Bp is a dose-conversion factor. The contamination density in the locality is also proportional to this

integral A =v,q'. We use the value q' = A/ vg to get readily from (10), (4), and (1) an expression for comparing

the doses from internal (inhalation) irradiation Dy due to radionuclide deflation in the contaminated zone and

Dy from the primary radioactive cloud:

1
Da weC Y v d
D, 10T (1+vYvp Vup § Vav kn(y, 2)dx, | (11)

where

. DDK ) ]/ _f_&_
y:t rak ZZ D ?

z -
efT(§+§ 1)

dg

in which ky, (v, 2) is an incomplete MacDonald function and m —v,

We now 'conside'r"th‘e 'cqn‘sequences of steady-state entry of radioactive substances into the atmosphere,
for example by discharges from a nuclear power station. In the neighborhood of the discharge source, a con~
stant radionuclide concentration q is maintained in the air, while the contamination density in the locality in-
creases linearly with time in accordance with A = v,qt. An expression for the radionuclide concentration in the

_ soil n(x, ‘t) is used for a stationary influx from the atmosphere to the surface P = vgq [3] to get from (2) that
. 3

% : e ey
ky = : S\M”D"ded.
vl (v g oY e “ : (12)

On the basis of [2] it can be shown that in this case a mobile equilibrium is set up in the surface soil layer
The influxof a nuclide from the atmosphere is balanced by the efflux into the deeper layers of soil and by radio-
active decay. As A in (2) increases with time, k, will decrease monotonically with time. Figure 1b shows cal~
culations on kg from (12) and on No/NK = DN/DK from (9) for typical values of v and vy, Comparison of parts
a and b of Fig. 1 shows that when there is a stationary discharge, the deflation coefficient and the ratics No/Nk
Dy/Dx vary within much narrower limits than after a single discharge. - ‘ :

It is of interest to compare N, with the concentration Nq due to deposition or primary aerosol particles
discharged to the atmosphere from a nuclear power station stack. It is readily shown that in stationary dis-
charge .

t { x

Ng _ D, _ Qo C"g e~ . vp0 . .
Ng = D¢~ "a T (myuii S iy Sx“ »" dbdz, (13)

0 ¢

which coincides with (11}, i.e., the ratio of the internal-irradiation dose due to deflation to the dose due to inspi-
ration of primary radioactive particles is the same for two cases: a single discharge and a stationary source.

Figure 2 shows that the deflation éffects do not make a substantial contribution to the internal (inhalatidn)
irradiation dose in the stationary case or in a single discharge. The contamination of the plants through the air
near a nuclear power station also occurs mainly from the primary aerosol, not from deflation effects. The
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7 2 J 0 2030
t, years

Fig. 2. Variation over time in
the ratios of the inhalation dose
due to ®Sr (Dg/Dg) due to defla~
tion and primary aerosol con--
tamination for single and station-
ary discharges and also the ae~
rial contamination of the grass
N/ Nq) due to these effects for
stationary discharge,

numerical values of No/Nk and No/ Nq in Fig. 1b and 2 show that the proportion of aerosol entry of radionu-
clides into plants near a nuclear power station is decisive for all periods of station operation by comparison
with the overall contamination No/N arising from the roots and parts outside them. We give below values of
N¢/ N for the most typ1cal values vp = 0.5 cm/year and v = 0.5:

ars 1 3 5 40 20 30
., % 99.4 982 971 94,3 89.3 854

Results obtained here for *Sr apply also to 13'Cs, which has a similar value of A; ®Sr differs from 137Cs
in being more readily soluble and therefore having a hlgher rate of infiltration mto the soil with precipitation,
80 with approximately identical vp the value of v for Ysr is larger than that for *¥cs by a factor of 2-3,

tv e

Therefore, effects due to the wind raising radionuclides from the soil may play an important part in acci~ -

dental discharges because radioactive substances may be incorporated into food chains, while in the region of

a normally working nuclear power station the main part is played by the entry of radionuclides into the plants

directly from the gas—aerosol plume., The radiation dose due to radionuclide inhalation is virtually independent
“of the deflation effect. All these conclusions have been drawn on the assumption that the speed of vertical radio-

nuclide migration in the soil does not vary in time. If on the other hand chemical processes cause the nuclides

to be fixed in the surface layer of soil, the reduction in k, over time indicated by Fig. 1a and b may be

slowed down considerably, while the saturation level to wh1ch the curves tend in Fig. 2-will increase substan-
-tially. '
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USE OF PROTON AND DEUTERON ACTIVATION
METHODS OF ANALYSIS IN THE DETERMINATION
OF ELEMENTS WITH Z>42

S. Mukhammedov, A, Vasidov, _ UDC 543.53
and £, Pardaev

In recent years there has been intensive research on the physical principles and the analytic parameters
of methods of activation analysis using charged particles (AACP) [1, 2], The yield of radioactive nuclide is the
main physical quantity determining the sensitivity of AACP and depends on the cross section of the analytic re-~
action, the energy, and the current of bombarding particles (2, 3]. Among the methods of AACP, those based o
proton activation analysis (PAA) and deuteron activation analysis (DAA) are of special interest, since they can
be used for determining the concentrations of a considerable number of elements at levels of 10-°-10~% %, (1, 4].

Today the possibilities of determining the concentrations of elements with Z << 42 by these two methods
have been studied [4~7]. In the determination of elements with Z > 42 researchers have also achieved high sen~-
sitivities. However, up to now there has not been a sufficiently thorough investigation of the analytic parameten
of the determination of these elements by the PAA and DAA methods. At the present time, investigators have
measured the yields of radionuclides formed in the activation of elements with Z > 42 at E,=10 MeV [8] and of
Pd, Ta, and W at E; =12 MeV [9], and Zatolokin et al. [4] give such data for six elements in the 8-11 MeV pro-
ton energy range. EE‘here have also been measurements of the yields of radionuclides formed in the activation
of Rh, Eu, W, and Sb by deuterons [10~13]. The lack of the necessary data on the yields of radionuclides for
elements with Z > 42 at different particle energies makes it difficult to use PAA and DAA in practice, to esti-
mate the effect of the matrix and of possible interference on the analysis and the degree of radiochemical puri~
fication required. : '

In the present study we measure the yields of radionuclides with a half~life Ty/2> 20 min at an accelerate
proton and deuteron energy < 12 MeV and, making use of these results, we estimate the analytic possibilities
of DAA and PAA in determining the concentration of elements with Z > 42.

Technique of the Experiment, In the experiments we used the 150-cm cyclotron of the Nuclear Physics
Institute of the Academy of Sclences of the Uzbek SSR. The initial values of the proton and deuteron energy
were 18 and 16 MeV, respectively, We used decelerating foils to reduce the particle energy to 7-12 MeV., The

- dispersion of the particle energies was about 2%, The methods used for the irradiation, the measurement of
the induced radioactivity of the specimens, and the formulas for calculating the yields were similar to those
described earlier [6]. The particle current was measured by means of an integrator with an error <5 %. For
the thick targets we used pressed tablets made from chemical compounds of the investigated elements, of an
analytically pure brand [6]. The specimens were irradiated for 5~20 min, and the particle current was 0.05-
0.1 4A. The radioactivity was determined 3-5 min after the targets had been "cooled" for (0.2-2)+T, /2+ The
statistical errors of the measurement of the induced activity were no more than about 10 %, and the absolute
errors of the radionuclide yield measurements about 15% . For I, Ru, Pd, Au, and Th, because of the lack of
suitable compounds of these elements and the difficulty of making the targets, the radionuclide yields were
found by the method of numerical integration of the excitation functions of the reactions [14-17].

Evaluation of the Results. In Table 1 we show the yields of radionuclides from thick targets with Z > 42.
The radionuclide yields of E,=12 MeV have values of (2.7-7.8)10% Bg/u A-h for 1%In, 1281, 14Nq, 197Cd; (0.2-7)
+ 10” Bg/uA *h for 19y, “‘Iin, 1igp, 12lTe, 130, 121xe, 133MpB, 14py 1®Re, For La, Au, Pb, and Th the yields
are low and amount to (0,4-4.8)+10° Bq/uA -h. When the targets were irradiated with deuterons (Eq=12 MeV),
the radionuclides had high yields: (1-4.3)10" Bg/u A *h for 1%Ru, H'sh, 1391, 188Re 134Mcg, (0,2-7)-10° Bg/pA-
for *Ru, 1*°Pq, 111mpq, fl5cq, 1imgy, 13y 121xe 1€p, 151Gy 18Re 18Ay and (2,9-9.7) 10° Bg/uA +h for sn,
18071, As can be seen, there were no substantial differences between the yields of radionuclides when the ele-
ments were activated with protons and deuterons. In the case of PAA and DAA a high sensitivity S was attained
for Cd, In, Sn, Ag, Pr, Sb, Ru, Te, Cs, Pb, and others, For these elements, at optimal analysis conditions, the

‘Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 50-53, January, 1984. Original article submitted
February 25, 1983, '
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TABLE 1. Yields of Radionuclides (Y, X 100
Bq/uA *h) of Thick Specimens and Sensitivity of
the Analysis of E=10 MeV, I=10 pA, tjrr=1h

Particle energy, MeVvV - ‘ |
Nuclear reaction -

-
N

.71 8 9 10 | 11

98Ru (¢, p)*?Ru
102Ru (d, p)1U3Ru
104Ru (d, P)195Ru
103Rh (p, n)103Pd
103Rh (d, 2n)103Pd
110Pd (d, p)il11mpd

T 107Ag (p, nI107Cd

" 110Gd (p, n)119m1In
110Cd (p, n)110In

. 111Cd (p, #)111mIn

113Cd (p, n)1i3min
3 . 116Cd (p, n)llémIn
. 114Cd (d, n)115mCd
- 114Cd (d, p)115cd
1181n (d, 2n)1138n
1 1178n (p, n)1178h
1208n (p, n)120MSh
1228n (p, n)i228h
1178n (d, 2n)117Sh
1183n (d, 2n)118msh

12080 (d, 2n)120Mmgh .

¢ 1228n (d, 2n)122Sh

) 1218b (p, n)l2lmTe

- 1218 (p, n)121Te
1238} (p, n)123MTe

i 128T¢ (p, n)L281
130Te (p, n)1801

| 120Te (d, 2n)1261
130Te (d, 2n)1801
130Te (d, n) 1311

1271 (p, n)1237Xe
1271 (d, 2n)127Xe
133Cs (p, n)133mBa
133Cs (d, p)134m(Cg
133Cs (d, p)134Cs
133Cs (d‘ 2n)133mBa
1393 (p, n)130Ce
142Cc (p, n)42Pr
. . 142Ce (d, 2n)142Pr
. 141Py (p, n)I41Nd

161Eu (p, m)151Gd
_1538u (p, n)183Gd
151Eu (d, 2n)151Gd g,5
€ | 1538y (d, 2n)153Gd 0,2
159Th (d, p)180Th 0,4
168Th (d, 2n)Ls9Dy
1817y 517' n)lslw
18173 (d, p)182Ta 0,
181Ta (d, 2nyislw |0,
186W (d, 2n)188Re

187Re (d, p)188Re 0.6
19744 (p, %7 Hg
197 A0 (d, PIIBSAN 0,3
204ph (p, n)204Bj
206P1) (p, n)206Bi 0,1
© 232Th (p, n)232Pa
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detection limits reach values of 1-0.01ug/g. Using the data obtained, we can estimate the level of interference
due to the matrices and ascertain the specimens for which instrumental variants of the analysis are possible.
The most suitable for the analysis may be matrices whose irradiation with a beam of protons and deuterons

(E <12 MeV) forms either very short-lived or very long~lived radionuclides emitting v quanta which do not in-
terfere with the determination of the elements, with a yield less than 104 Bg/upA-h.

In practice it is often necessary to have an idea of the advantages and disadvantages of activation-analysis
methods. In Table 2 we show the radionuclide yields obtained in reactions with protons and deuterons, fast and
thermal neutrons, and high-energy 7y quanta [18, 19]. 'As can be seen, the radionuclide yields in the case of
activation of elements with Z > 42 by charged particles are 102-10° times as large as those obtained in the
activation of elements by fast neutrons and high-energy v quanta. Only a few elements fail to conform to this
rule, The activation of practically all elements by thermal neutrons yields radionuclides in guantities two to
four orders of magnitude larger than the radionuclide yields produced in charged-particle reactions.

From the results obtained it follows that the PAA and DAA methods provide about the same sensitivity of
analysis in the determination of elements with Z > 42. They have a number of advantages over other methods.
For example, in the analysis of matrices containing elements with Z > 75, the radionuclide yields are small
.(10* Bg/ A - h) and the interference level is not high. Moreover, in the determination of the amount of a consid-
erable number of elements (Pb, Ag, Te, Ce, etc.) contained in the specimen, PAA and DAA provide sensitivity
values higher than can be attained with neutron-activation analysis at low concentrations because the latter has

funfavorable nuclear~physics analytic characteristics.
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.TABLE 2, Comparison of the Yields of Radionuclides Formed in the Activation of Elements with
Various Nuclear Particles

Activation By Activation by Activatlon by Actlvatlon Dy !
[}
Activation by protons deuterons® fast neutronst thermal neutrons$ Y -quanta** ;
radionuclide v ‘
*v | radionuclide Y, |radionuclide Y., | radionuclide - Y, |radionuclide Y,
" {MBa/g MBa/g MBa/g MBa/g MBu/g

1Ry — 106Ky | {08 | %8Ry Ru [7.40-3 |*%Rn—> 20%Ru | 20 [04Ru-»103Ry 0

105Rh - 109Pd | 2.40? [105Rh > 109Pd {3,3.409 [108R} — 202RY | 4.40~4 |108Rp —» 104RE | 7-10° [103RE — 102Rp 0
HOPd = HIMPY | 20 |105Pd . 305R]y |G.40~4 [L08Pd — 209Pd | 108  [104Pd » 103Pg 1

110Cd - 110In 8,4-102 |114Cd — 115Cqd 1,5:10% | 112Cq — 11IMCQ [ 4,101 [110Cd — 11IMCA | 5.10° |[218Cd — uaA% 1
n

11315 - 1138y 1,4 | M8In - 118Cd | 40~ |116[n — 118m]n | 8.40% | 8] o Lbm]p | 40
2iSn - 1178b 1,6.10° |1478p — 1178h  |6,3.107 | 1168 ~» 1mp | 5.40-8 {1198 o 1188 | 2.40-1 [1248n - 1288 0,1
1218} . 131Te 30 1288} .. 128mGh} 4.4{0-8 [1218h — 1228 | 2.408 |3%18h - 120mg}h | 10
126Tg -y 128] 8.107 |180Te 5. 1901 |{ 3.4(3 | 180T -» 120Tg |2.40-1 [130Te — 181mTe | 14
C 1T 127Xe | 60 197] o 127X 35 127] . 136] 10-2 | 1277 . 128 108 127] . 126] 20
138Cg 5 198mBg | 3.40% | 133Cg — 184Cg  |1,6.10% [ 189Cg—» 131Cs | 3.10-2 | 138Cs — 134Cs 4,5 |183Cg193Cs | 30
1301, - 189Ceg 6 1399 5 139By | 10~2 [199Ta — 190Lg | 7.108
162Ce . 142py 50 148Cp  143Py | -2.402 | 140Ce ~ 139mCe | 3.6 |142Ce — 143Ce 90 140Ce —» 139Co 1,0
M1Pr— 14INd (4,3.10¢ U41Pp s 141Ce (4,400 [140Pp . 142Pr 1 5.40¢ | 141Pr o 340Ce | 2.107

151Ey — 181Gq 2,0 |'53Eu— 183Gq 1,0 |181Ey— 150mEy| 5.40~2 181Ky — 162mFy | 2.40°
19T} ;. 189Dy 2,4 [199Tb-» 158Gd {2.10-3 [169Tp — 180T} 3.102 [159Th —» 188Th | 4.10-8
181Tq oy 180y 1,5 [181Tqg . 1827y 6,0 |81Tq— 180mTy)3.40~1 |181Tq s 182T5 |4 6.402 [181Ta —» 180MTy| 8.10%
182\ —» 182mRg| 2.40? | 186W . 18¢Re 50 184W oy 184Tp 403 | 186y o, 187WW 9.408 | 186\ . 185 1,0
. 187Rg .y 188Rg 3.10% | 187Re —» 187W | 2.40~4 [187Re — 188Re 6.10¢ | 187Re -» 188Rg | 50
1074y - 197F g 0,4 [197A0 1087y 102 [197Ayu-» 19"MAY| 8.10~1 |1874y —» 1984y 3.40% |197Au - 198Ay | 50 .
05Pb ~ 209Bj 7,3 104Ph . 203Ph | 40~3 [206Ph— 207mP [1,8.10% [30sPh—203Ph | 2,0

*Proton and deuteron current 10 /.lA/ em?, E=11 MeV, tjpp =1 h.
{Flux density ~10° neutrons/ cm? - sec, E=14 MeV, tjpp=1 h.

t Flux density ~10%3 neutrons/cm? - sec, tipr =1 h.

**Electron current 100 #A, E=25 MeV, tirr=4 h.
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LETTERS TO THE EDITOR :

RESULTS OF MEASUREMENTS OF THE NEUTRON
FIELD IN THE CHANNELS OF THE VVER-1000

S. 8. Lomakin, A. G. Morozov, UDC 621.039.51:539.125.52
G. G. Panfilov, V., P, Kruglov, '
and G. M. Bakhirev

The results of a calculation of the neutron field outside the bounds of the core of a nuclear power station
‘reactor require a thorough experimental justification. As a rule, the values of the neutron flux density obtained
 at different points of the reactor serve as the starting data. Experiments carried out on the VVER~1000 of the
fifth unit of the Novovoronezh nuclear power station by means of activation detectors, allow the fast and thermal
neutron distribution to be determined outside the bounds of the high pressure vessel. ’

The measurements were conducted in vertical experimental channels (EC) and in the measurement chan-
'nel (MC). The first channel, EC—1, made from a tube with a diameter of 36 X 3 mm, was installed flush with the
inside surface of the concrete reactor shaft [1] at a distance of 293.5 cm from the axis of the reactor. The in~
side surface of the shaft was 291 cm distant from the axis of the reactor. The second channel, EC—~2, was made
from a tube with a diameter of 53 X 3 mm, The axis of this channel, and also of the MC channel, passes through
at a distance of 310.5 cm from the axis of the reactor. B

The fast neutron distribution was measured by means of threshold detectors containing 51n. The values .
of the energy threshold and of the effective threshold cross section for the reaction W (n; n') used were equal
to 1.15 MeV and 286 mb respectively (1 b=10-2 m?). The activity of the indium detectors was measured on
photon spectrometer. o Lo

The measurement results are shown in Fig. 1. The distribution 1 corresponds to the channel EC-], and
distribution 2 corresponds to EC—2. The "break" in distribution 1 for the upper part of the channel is due to the
special structural feature of the latter. The upper end of this channel rests in the annular supporting girder of .
the reactor but does not reach to the top of the core by approximately 1 m. The structural design of EC—2 al-
lowed the fast neutron distribution to be measured on a length greater than in the EC—1 channel, but still not
over the entire height of the core. Nevertheless, from the general nature of the relations obtained, the factors
affecting the formation of the fast neutron field outside the reactor vessel can be judged.

The neutron distribution at the inside surface of the concrete shield within the limits of 1—2.5 m of the .

height of the core almost repeats the energy distribution, averaged over the core (Fig. 1, curve 3), Below 1 m,
the distribution in EC—1 slopes more mildly, which is due to neutrons shooting downwards through the gap be~
‘tween the reactor vessel and shaft. In distribution 2 there is a clearly expressed maximum, which is due to

fast neutrons shooting along the horizontal gap (Fig. 1, position 4) between the supporting girder and the ser-
pentinite concrete (width of gap 3—5 cm). The sharp decrease of fast neutrons in the upper part of channel EC—2
is related with the intense absorption of neutrons by the supporting girder. The fast neutron flux density in chan-
nel EC—1 at the level of the center of the reactor core amounted to 4.7 - 108 neutrons/ (cm? - sec), and in EC=2 it
was 0,92 - 10 neutrons /(cm? - sec) with the reactor operating at nominal thermal power. The measurement error
of the neutron flux density values was +20% for a confidence coefficient of 95% .

The distribution of thermal neutrons over the height of channels EC~1 and EC~2 was measured by means
of detectors containing the 83Cu nuclide (Fig, 2). It follows from Fig. 2 that in channel EC—1 the thermal neu-
‘tron distribution repeats the fast neutron distribution. The presence of a "steep drop" in the distribution for
the upper part of the channel is due to the effect of the boron incorporated in the composition of the materials
filling the supporting girder. The saddle at the maximum of the thermal neutron distribution for channel EC—2
‘is explained by the presence of the metal structure in the horizontal gap surrounding the channel, The nature
 of the thermal neutron distribution in the MC channel and in channel EC~2 is identical.

Detectors containing 1®Lu, 17Au, $3Cu, and Mn were used for measuring the spectral parameters of the
l thermal neutron field. The detectors were calibrated beforehand in the standard neutron field of the F~1 reac-
tor [2]. The activity of the thermal neutron detectors was measured on a standard counting facility.

Translated from Atomnaya Energiya, Vol. 56, No. 1, pp. 54~55, January, 1984, Original article submitted
January 6, 1983.
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TABLE 1. Spectral Parameters of the Thermal
Neutron Field in the Experimental Channels and
in the Measurement Channel

Channel . o 10°
VT/T r,°K T
neutrons TV neutrons/ (cm’ ssec)

EG -4 0,090-0,004 393.4:16 3,20::0,15 -
EC ~2 0,050-£0,002 378215 01943:0,00
MG | 0,16x0.01 433317 1.01:£0,05

¥T, rel, units

45 40 45 20 235 40Hm 45 1,0 15 20 25 30Am
Fig. 1 Fig. 2

Fig. 1. Axial distribution of the fast neutron flux density in the experimental channels g is
the flux density of neutrons with energy E >1.15 MeV; H is the distance from the lower boundary
of the core): 1, 2) distribution ¢ (H) in EC~1 and EC—2; 3) power distribution over the height of
‘the core, averaged over the sections of location of the rhodium DPA, rel. units; 4) horizontal
gap between concrete shield and the annular supporting girder.

Fig. 2. Axial distribution of the thérma.l neutron flux density 7 in the experimental channels
(legend the same as tn Fig, 1),

The values of the thermal neutron flux density ¢, corresponding to the temperature T of the Maxwell
neutron distribution and the epithermal parameter r v'T/ To [3] (Ty=293K) are shown in Table 1.

Analysis of the data shows that the spectrum of the thermal neutrons in channel EC—1 is harder than in
EC-2. The spectrum of the neutrons in the MC channel differs in even greater harduess, which is explained by
the large amount of metal in the tubes forming the channel. A comparison of the nature of the distribution @
in channels EC—1 and EC~2 confirms that the ratio of the neutron flux density for different height marks of the |
concrete shield is different. It should be borne in mind that the ratio of the fast and thermal flux densities in |
these channels can vary with change of the energy distribution in the core, due to the position of the control rods
the fuel burnup or the xenon poisoning., This is a consequence of the effect of the structural characteristics of

the circum-vessel compartment of the reactor, which have a marked effect on the formation of the neutron in
channels MC and EC~2.
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AMPLITUDE CHARACTERISTIC OF PYROELECTRIC
DETECTORS

V. A. Borisyonok and E. Z, Novitskii UDC 539.1.074:537.226/227
| Analytic formulas for the amplitude characteristic of pyroelectric detectors have been obtained in [1—4].

When the sensitive element of the detector is a planar capacitor filled with a pyroelectric substance, the formu-
las are ' : o

i (t)=7%— %9 () 1)
a ) e | ®
L g= P D, A ‘ ‘ - (3)

} where i denotes the density of the output current; q, density of the electric charge; p, pyroelectric coefficient;
¢y, specific heat; ®, density of the absorbed energy per particle; and ¢, F, and D, densxty of the current, the.
radiation flux, and the absorbed radiation dose, respectively. :

The ratio p/ cy is termed the Coulomb-rad sensitivity of the detector. The amplitude characteristic in
the form of Eq. (3) is quite universally valid because a source of some radiation (including composite radia~
tions) can be employed for the experimental determination of the formula. The transition to characteristics in
the form of Egs. (1) and (2) is made with the coeff1c1ent n,

It is generally accepted [1—3] that the sensitive elements of pyrodetectors are prepared basically from
materials belonging to the class of Seignette electrics which are characterized by better pyroelectric charac~
teristics than the linear pyroelectric materials. The maximum flux values or the maximum absorbed radiation

‘ dose which can be recorded with such a detector are limited by the temperature of the phase transition of the

’ Seignette electric (Curie point Tg) because when the material is heated above this temperature, the material
loses its pyroelectric properties. Equations (1)-(3) show that the linear part of the amplitude characteristic is
given by the condition p/cy =const in a certain temperature interval (or interval of absorbed dose). This con-

‘ dition is fulfilled at temperatures far from Tg. For example, the authors of [5] have made estimates and

| shown that the amplitude characteristic of a detector with a sensitive element of barium titanate is linear in the

‘ dose range 1071-2.10° rad (1 rad=10 Gy). The authors of [1, 2] have experimentally shown that the amplitude
characteristic of a lead zirconate—titanate ceramic detector of the 65/35 ZTP type is linear in the range

-2-8-10° rad (ZTP 65/35). The experiment was made in a pulsed SPR reactor and with y sources.

We studied in the experiment of our work the amplitude characteristic of a pyroelectric detector at ab-
sorbed dcses of 103-10° rad, The experiment was made on a pulsed nuclear reactor with a radiation-pulse
length tp < 10~ sec. Detectors on the basis of the ZTP ceramic, type PKR-1 [6], and on the basis of single
crystals of deuterated triglycine sulfate with an addition of 20% L—c alamine [7] were examined. The sensitive
elements of PKR~1 and deuterated triglycine sulfate had a size of 20 X 2 and 10 X 10 X 2 mm, respectively. De-
tectors with sensitive elements of unpolarized PKR~1 material or of two identical samples of PKR—1 and deu~
terated triglycine sulfate joined so that the pyroelectric effect was suppressed were used to determine the back-
ground.

We recorded in each experiment the detector output signal and cal culated from it the charge flowing in the
detector circuit while the radiation pulse acted. The parameters of the measuring circuit-were chosen so that

Translated from Atomnaya Energiya, Vol, 56, No. 1, pp. 55-56, January, 1984, Original article submitted
February 16, 1983.
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Fig. 1. Amplitude characteristic of the
pryoelectric detectors with sensitive ele~
ments of (®) deuterated triglycine sulfate ' |
and O PKR-1, i
: |

the condition T o < t, was satisfied, where 7 ¢ denotes the electric constant of the detector. The radiation dose

absorbed in the pyroelectric was determined with the formula

D= xyFytxnFp, : @)

‘where F.,, and Fy denote the flux of the ¥ radiation and of the neutrons at the location of the detector; respec~

tively; the »,, and ", values calculated on a computer with the Monte Carlo method from the energy spectra of
the reactor radiation were for PKR—1: :

4 Jekg™t . Jekg ' -
ny =0,73° 10"‘-_——Land Yn =0.18-10-4 ke ; and for deuterated triglycine sulfate ny =
' quantum /cm? neutron/cm? : , . _
. o leo—1 s ko=1
0.48-1071 T K8 gnga =q0-g0 LREZ
quantum /cm? neutron/cm

~ The experimental results depicted in Fig. 1 reveal that the amplitude characteristic of the pyroelectric
detectors on the basis of PKR~1 and deuterated triglycine sulfate can be described by a linear function in the
range 103-10% rad. The proportionality coefficient (Coulomb~rad sensitivity) is (1,18+0,08)+ 10~ C.m=2 - rad~}
(in the case of RKR~1) and (0.23+0,04)-10~ C-m~2 -rad~! (in the case of the deuterated triglycine sulfate), It

~ follows from the results of our work and the work of {1, 2] that the amplitude characteristic of pyrodetectors

made from ceramic materials of the ZTP system with Tc > 300°C is linear in the range 1-10 rad (ZTP sys-
tem), The relativelyhigh T value of these materials allows the assumption that the linear rarige may extend
to 5+10° rad (ZTP system). In the case of the deuterated triglycine sulfate, the value D =10f rad (deuterated
triglycine sulfate) reached in our work is close to the limit because in this case To~60°C. Additional investi-
gations are required to establish the lower limit of the linearity region of these materials.

The results of our work allow us to evaluate at least two aspects in the operation of pyrodectors. Thus,
it has been mentioned in [3] that it is possible to calibrate pyroelectric detectors of ionizing radiation with opti-
cal wavelengths. The Coulomb-rad sensitivity was calculated through the dynamic pyrocoefficient measured
with techniques in which an infrared radiation source was used for heating the sample; furthermore, the sensi~
tivity was also calculated with the aid of the specific heat, The resulting values p/cy = (0.5-0,6) - 10~% C - m~?%/
rad (PKR-1) (p=2.0+1074 C-m~?*K~! [8], oy =(2.6-3.2)-10° J-m~3-K~! [9])* and p/cy = (0.07-0.1)+ 10~® C~m™,
rad (deuterated triglycine sulfate) (p=(0,95-1.82) 1074 Com™2-K™! [7]; cy=2.5-108 J-m~3-K™3[9, 10])* do not
describe the results of our work. The p/Ccy measurements made with the method of {11], where a pulse of ion-
izing radiation was used to heat the sample, rendered values (1.10 +0,32) - 10~8 C- m~¥rad (PKR~1) and

(0.24 £0,08) - 10~ C -m~%/rad (deuterated triglycine sulfate), which are in good agreement with the data listed

- above, The deviation from the calculated Coulomb~rad sensitivity obviously has the same reason as the devi-
~ation of the static and dynamic pyrocoefficients noted in [11) and can be explained by effects caused by nonuni-

“*Since no published data are #vailable, the specific heat values of related PKR—1 ceramics of the ZTP system

and of d_guteratéd f._riglycipe Isulfate crystals without L-alamine doping have been stated.
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form heating of the material in the dynamic measurements made with sample heating by infrared radiation .
sources [12, 13]. Thus the calibration of a pyrodetector of ionizing radlatlon in the optical wavelength range
can lead to large errors of the detector characteristics,

In [1, 14] the high selectivity of pyroelectric detectors, particularly of detectors of lead-containing ce-
ramics of the ZTP system, to y radiation in mixed y-neutron fields was mentioned. It should be noted in this
connection that the relative contribution of each of the components of a mixed or compos1te radiation to the
absorbed dose depends upon the energy spectrum of the radiation, the properties of the material (its chemical
composition and density) and the ratio of the fluxes F, and Fy, (see Eq. (4)). In the present work, for example,
the neutron contribution to the absorbed dose reached 36% and 90% in the case of PKR—1 and deuterated tri-
glycine sulfate, respectively. Thus the selectivity of the pyroelectric detector must be evalu.ated for each spe~ -
cific case. The Coulomb-rad sensitivity of 65/35 ZTP [2] was evaluated in an experiment in an SPR reactor
((0.76 % 0.2) - 10~% C-m™%/rad in the case of 65/35 ZTP): and in *pure™ y units ((0.56 % 0.1)-10~3 C-m~*/rad
‘in the case of 65/35 ZTP). Better agreement between these values will obviously be obtained when the con-
tribution of the neutron radiation of the reactor to be absorbed dose is brought into account,
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